
Assessment  of Insul in  Action on Glucose Uptake and Product ion During a 
Euglycemic-Hyper insul inemic  Clamp in Dog: A New Kinetic Analysis  

O w e n  R M c G u i n n e s s  and  A n d r e a  Mar i  

We evaluated the validity of the traditional method of assessment of the speed of insulin action during a euglycemic- 
hyperinsulinemic clamp. We first estimated the error of Steele's model on glucose uptake in these experimental conditions. We 
tested the appropriateness of estimating the half-time of insulin action by expressing the glucose flux changes as a percent of 
the maximal change (normalization on a 0% to 100% scale). For this purpose, we performed a 390-minute euglycemic- 
hyperinsulinemic (2 mU • min -1 • kg -1) clamp in five chronically catheterized conscious dogs. We used [3-3H]glucose to assess 
glucose kinetics. We used a novel analysis based on a circulatory model, which allowed us to overcome the limitations of 
compartmental analysis. We found that the primary effect of insulin (increased from 12.3 -+ 1.6 to 104 -+ 15 I~U/mL) was to 
increase the whole-body fractional extraction of glucose (3.0%-+ 0.3% to 18%-+ 2%). Insulin did not alter the mean 
whole-body artery-vein transit time (3.1 +- 0.2 v2.9 -+ 0.4 minutes). In contrast to the assumptions of the Steele model, which 
assumes that glucose uptake and rate of appearance (Ra) are equal during the clamp, during the initial 30 minutes of the clamp 
the increase in glucose uptake preceded (by - 4  minutes) the increase in Ra. Thus, during this period uptake exceeded Ra by 
about 15%. The maximal difference between Ra and uptake (1 to 1.5 mg.  min -1 • kg -1) occurred approximately 15 minutes 
after insulin infusion. Finally, to estimate the half-time of the insulin signal that controls glucose uptake and production, we 
accounted for the nonlinear relationship between insulin concentration and glucose uptake and production. We found that the 
traditional normalization of the glucose flux changes on a 0% to 100% scale underestimated the half-time of onset of the 
insulin signal that controls glucose uptake (half-time, 20 v 54 minutes) and glucose production (half-time, 25 v 39 minutes). 
Accounting for the nonlinearity of the dose-response curves may thus be of crucial importance in the evaluation of the onset 
and offset of insulin action. 
Copyright© 1997by W.B. Saunders Company 

T O EVALUATE THE EFFECTIVENESS of insulin in 
normal and pathological states requires that both the 

ability and speed with which insulin suppresses hepatic glucose 
production and enhances glucose utilization must be accurately 
assessed. A classic approach to evaluating the dynamics of 
insulin action is to perform a euglycemic-hyperinsulinemic 
glucose clamp and calculate the time course of glucose uptake 
and production using the simplified equation of Steele? The 
limitations of the Steele model in assessing glucose production 
have been evaluated. 2 However, the accuracy of the calculation 
of uptake and the problem of the assessment of the speed of 
insulin action from the calculated glucose fluxes have not been 
addressed. 

The issue of the calculation of glucose production during the 
clamp has been studied in depth and is essentially solved (eg, 
Bergman et al2). It is now generally agreed that reduction of the 
specific activity changes during the non-steady state improves 
the accuracy of Steele's model. This condition can be obtained 
by infusing the tracer at a rate proportional to the expected rate 
of glucose appearance (Ra)) Successful application of this 
principle to the glucose clamp has allowed accurate determina- 
tion of the time course of glucose production and assessment of 
the error of Steele's model in the specific experimental condi- 
tion (Bergman et al e and references therein). 

On the other hand, as pointed out recently, 4 assessing changes 
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in whole-body glucose uptake is difficult, and reducing changes 
in specific activity does not necessarilY minimize the error in 
estimating glucose uptake. In a euglycemic-hyperinsulinemic 
glucose clamp experiment, in which arterial glucose concentra- 
tion is held constant, Steele's model assumes that the glucose 
concentration in the entire glucose distribution volume (ie, 
glucose mass) is also constant. Thus, glucose uptake can be 
equated to the total Ra of glucose. This assumption is not 
necessarily correct. Although the arterial glucose concentration 
is held constant, the venous (and extracellular) glucose concen- 
tration is not constant and will decrease as glucose utilization 
increases. Thus, the glucose mass may vary despite a constant 
arterial glucose concentration. The use of more complex 
two-compartment models does not circumVent this problem. In 
fact, depending on the model assumptions, these models can 
yield estimates of uptake that may be greater than, less than, or 
equal to the glucose Ra. 4 Accurate calculation of the total Ra of 
glucose may thus be insufficient to calculate glucose uptake 
correctly with compartmental models. Although it has been 
suggested that the variation of total glucose mass is small and 
has little influence on the calculation of uptake? no specific 
study to substantiate this conjecture has been performed. The 
impact of this error on the Steele model estimate of glucose 
uptake in this experimental condition remains to be determined. 

Together with the assessment of glucose production and 
utilization, several studies have attempted to evaluate the speed 
of the insulin signal that activates glucose uptake and sup- 
presses glucose production. 6-I° Assessment of the speed of the 
insulin signal is important for the investigation of its temporal 
relationships with other physiological variables, such as insulin 
concentration in plasma or lymph. 6,8 Since direct comparison of 
variables with different scales is not possible, the usual method 
is to reduce all variables to the same scale. This is achieved by 
expressing the change in the value of a variable (eg, glucose 
uptake) at a given time as a percent of the maximal change in 
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that variable tie, l inear t ransformat ion  on a 0% to 100% 

scale~. 6-1° This  approach is correct only if  the var iables  in 
ques t ion  are related by a l inear dynamic  relationship.  The  

rela t ionships  be tween  an increase in insul in  concent ra t ion  and 

s t imula t ion  o f  g lucose  uptake or suppress ion  of  g lucose  produc-  

t ion are not  linear. Thus ,  l inear scal ing m a y  lead to an incorrect  

evaluat ion o f  the delays  between the observed  increases  in 
p l a sma  insul in  concentra t ion  and  the  es t imated  s ignals  that  

control  g lucose  f luxes (product ion and uptake).  A l though  this 

p rob lem m a y  be  k n o w n  in principle,  no a t tempt  has  been  m a d e  

to quant i fy  the  potential  error due  to an inappropriate  a s sump-  

tion o f  linearity. 

In the present  study, we as sessed  g lucose  uptake dur ing  a 

eug lycemic -hype r in su l inemic  c l amp  us ing  a new  class o f  

mode l s  cal led circulatory models .  This  approach al lows us  to 

overcome,  in part. the  l imitat ions o f  compar tmenta l  analysis ,  it 

In addition, we examined  the impact  o f  account ing  for the 

nonl inear  re la t ionships  be tween  insul in  concent ra t ion  and glu- 

cose f luxes on the  es t imat ion  o f  the speed  o f  insul in  action. 

MATERIALS AND METHODS 

Experimental Methods 

Animal preparations. Experiments were performed in five con- 
scious mongrel dogs (19.9 -~ 1.1 kg) receiving a diet constsnng of 
Kal-Kan meat (Vernon. CA) and Wayne dog chow ~Purina Mills. St 
Louis. MO) once daily. The composition of the diet was 52% 
carbohydrate, 31% protein. 11% fat. and 6% fiber based on dry weight. 
Two weeks before the experiment, a laparotomy was performed under 
general anesthesia ~ acepromazine 0.5 mg/kg and sodium pentobarbital 
30 mg/kg). Blood-sampling catheters were inserted into the portal vein 
and the left major hepatic vein as previously described.12 In addition, a 
blood-sampling catheter was inserted into the femoral artery following 
an incision in the left inguinal area. The catheters were then filled with 
saline containing heparin (200 IU/mL). The portal and hepatic blood- 
sampling catheters were exteriorized through the midline incision and 
placed in a subcutaneous pocket. The arterial blood-sampling catheter 
was placed under the skin in the inguinal region. All animals had a good 
appetite (consuming all of the daily ration), normal stools, a hematocrit 
greater than 38%. and a leukocyte count less than 18.000 - mm -3 on the 
day before the study. The catheters were removed from the respective 
pockets under local anesthesia Lidocaine HCL: Abbott. North Chicago, 
IL) on the day of the study. Angiocatheters were inserted percutaneously 
into the right cephalic vein for infusion of indocyanine green and 
[3-3H]glucose. and into the left cephalic vein for infusion of glucose at a 
variable rate. In addition, an angiocatheter was inserted into a saphe- 
nous vein for infusion of insulin. 

Protocol. Each experiment consisted of a 150-minute basal period 
( -  150 to 0 minutes) and a 390-minute clamp period (0 to 390 minutes; 
Fig 1). At - 150 minutes, a primed continuous infusion of [3-3H]glucose 
(56 ~tCi, 0.46 ~lCi/min) and a continuous infusion of indocyanine green 
(0.1 mg• min 1. m 2) were begun. After the basal period at 0 minutes, 
a constant peripheral infusion of insulin (2 m U .  min 1. kg-1) was 
begun and continued throughout the entire experiment. Arterial plasma 
glucose was assessed every 5 minutes, and a variable glucose infusion 
(50% dextrose) was administered to maintain euglycemia. During the 
clamp period, the tracer infusion rate was modified to create marked 
changes of tracer concentration to allow identification of a time-varying 
model of glucose kinetics. The tracer infusion rate was constant for the 
first 180 minutes of the clamp. At 180 minutes, the exogenous glucose 
infusate was replaced with a labeled-glucose infusate, the specific 
activity of which was similar to the plasma glucose specific activity 
predictable at the end of the basal period, and the constant [3-3H]glu - 
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Fig 1. Experimental protocol. 

cose infusion was discontinued. In this period (180 to 330 minutes j. the 
tracer infusion rate was changed in proportion to the infusion rate of 
unlabeled glucose. At 330 mmutes, a tracer washout period was begun 
in which the exogenous glucose infusate that contained [3-3H]glucose 
was replaced by an infusate that did not contain [3-3H]glucose. Frequent 
arterial blood samples were taken throughout the experiment (--60 
samples in 540 minutes J. The adopted pattern of tracer infusion created 
three 30-minute quasi-steady-state periods: a basal period t - 3 0  to 0 
minutes) and two insulin-stimulated periods (150 to 180 and 300 to 330 
minutesL In the three quasi-steady-state periods, portal and hepatic 
venous blood samples were also taken every 10 minutes. 

Processing of blood samples. Blood samples were drawn into 
heparinized syringes and transferred to chilled tubes containing 
Na2EDTA (15 mg). Plasma glucose was assayed immediately using a 
Beckman t Somerset. NJ) glucose analyzer. Immunoreactive insulin 13 
was assayed using a Sephadex-bound antibody technique (Pharmacia 
Diagnostics. Piscataway, N J: coefficient of variation. 11%). The indocya- 
nine green dye level was measured spectrophotometrically (805 nm) to 
estimate total hepatic blood flow) 4 Plasma glucose radioactivity was 
analyzed in duplicate in 1-mL plasma samples that were deproteinized 
with barium hydroxide t4.5 m k  0.3N) and zinc sulfate (4.5 mL, 0.3N), 
evaporated, reconstituted with water (1 mL), combined with scintilla- 
tion fluid iACS 10 mL: Amersham. Arlington Heights. IL). and counted 
on a Beckman scintillation coumer LS9000) Radioactivity (counts per 
minute, was corrected for quenching. In every study, an internal 
standard was assayed in triplicate through all of the analysis. 

Materials. Porcine insulin was purchased from Eli Lilly and Co 
(Indianapolis. IN). [3-3H]glucose was purchased from New England 
Nuclear Research Products (NET-331b: Wilmington. DE). In two 
studies, high-performance liquid chromatography-purified tracer (NET- 
33 lc: New England Nuclear Research Products) was used. 

Modeling Analysis 

Modeling analysis was based on a circulatory model (Fig 2). The 
theoretical aspects of this approach, which has its roots in Zierler's 
studies, 15-16 were studied previou§ly. 1LIT J8 Specific mathematical de- 
tails are reported in the Appendix. The approach is based on the idea of 
mathematically describing the tracer wave that leaves a vascular bed 
after a tracer bolus has been injected into an throwing artery. The shape 
and magnitude Of this wave depends on the properties of tissues within 
that bed, such as blood flow, fractional extraction of the tracer by the 
tissues, and volume of distribution. The tracer wave that leaves the 
vascular bed, scaled to account for tracer dose and blood flow, is called 
the single-pass impulse response (SPIR) of that bed or tissue. Not only a 
single organ but also the aggregate of all body tissues can be 
characterized using the SPIR. In the case of the whole body, the vascular 
bed includes all vascular beds between the aorta and the right atrium. 
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Fig 2. Circulatory model of whole-body glucose kinetics. CO, 

cardiac output. 

ThU s. this approach can also be used to study whole-body kinetics, if the 
recirculation of blood from the right atrium to the aorta is accounted for 
with a circulatory model. 

Model structure. In the circulatory model (Fig 2), body tissues are 
lumped into two blocks. The heart chambers and lungs are included in 
the heart-lung block (Fig 2. upper block). The remaining tissues 
(including heart tissue nourished by the coronary circulation) are 
included in the periphery block (Fig 2, lower block). For both blocks. 
blood flow is equal to cardiac output. In the experimental configuration 
adopted here. labeled and unlabeled glucose ~e  infused at the venous 
siteand sampling takes place at the arterial site. 

As already mentioned, the SPIR of the body tissues rperiphery block] 
is the time Course of tracer concentration that could be measured in the 
right atrium after administering a tracer bolus into the left ventricle in an 
ideal experiment in which recirculation of tracer is preyented. In a 
classic whole-body tracer experiment, as used in our study, the 
measured wh01e-body tracer disappearance curve results from the 
interaction between SPIRs of the periphery and the heart-lung blocks as 
the tracer recirculates. This interaction can be described mathematically 
with a circulatory mQdel. Since the SPIR of the heart-lung block can be 
predicted (description followsl and it is not alteredby insulin, the SPIR 
of the peripheral tissues and the impact of insulin on those tissues can be 
determined from the whole-body tracer disappearance curve using the 
circulatory model. Is 

With our experimental configuration, two assumptions were neces- 
sary to determine the SPIR. is First. cardiac output was fixed to a 
constant value of 120 mL.  rain -a-  kg -1 based on a compilation of 
studies. 19 In humans, cardiac Output increases slightly ( -10%) at 
insulin levels comparable to those of our experiments. 2° but this was not 
observed in the dog (D. Wasserman. personal communication. June 
1995). Second. we assumed that the SPIR of the heart-lung bloc k 
[flung(t)] was known and was not affected by insulin. The SPIR of the 
heart-lung block was modeled as a two-exponential function starting 
from zero as in experimentally derived curves. 2t We assumed that 
glucose extraction by the heart-lung block was negligible, and the 
volume of this block (lungs plus heart chambersl was 17 mL/kg body 
weighL 21-23 

The SPIR of the periphery block [rp~(t)! was modeled as a 
three-exponential function starting from zero. rapidly increasing to a 
peak, and gradually returning to zero. The exponent determining the 
initial increase in rper(t) was fixed as in the heart-lung block. The 
remaining parameters (four) were estimated from the tracer data. 
During the non-steady state phase of the clamp, the parameters of the 
periphery block and thus the shape of  rve~(t) were allowed to change 
with time. 

The impulse responses of the heart-lung and periphery blocks were 
represented using differential equations (two for heart-lung block and 
three for periphery block). The combination of these differential 
equations describes the circulatory model of Fig 2. The model:predicted 
tracer concentration was obtained by numerical s!mulation of the 
differential equations, and the  model parameters and rper(t) were 
eStimated by least squares from the measured tracer concentration. 
Details are given in the Appendix. 

Kinetic parameters. The classic concepts 0f organ kinetics 24 apply 
to the artery-vein imPuls e response of the body tissues, rper(t). We 
calculated from the mode ! parameter s the whole-body g!ucose frac- 
tional extraction (dimensionless or percent), ie, 1 - area under rper(t); 
the glucose clearance (mL- min - l  • kg-1), ie, the product of fractional 
extraction and cardiac output; the artery-vein transit time density 
function, ie, rper(t) normalized to its area; and the mean artery-vein 
trans!t time (minutes). Although all of these parameters changed with 
time during the non-steady slate phase of the clamp the most relevant 
time-varying parameter was the fractional extraction (or glucose 
clearance). 

Distribution volume. The theoretical aspects of the calculation of 
the total glucose volume of distribution were considered in detail in a 
previous report, t7 and will be briefly summarized here. The firs t po!nt to 
recall is that with a tracer it is not possible to calculate a physical 
glucose distribution space but only an "apparent" volume, 24 because 
glucose is not uniform!y distributed in the body water space. The 
apparent volume is the ratio between the actual tracer mass physically 
present an the system and arterial tracer concentration t7,24 Although it 
would be less ambiguous to consider masses instead of volumes, the 
traditional use of volumes is preferable because the total glucose mas s is 
dependent o n arterial concentration. 

To appreciate how the glucose volume of distribution in each of the 
blocks, in'Fig 2 is calculated, one should think of an imaginary tracer 
perfusion experiment. In this experiment, the tracer is first infused in the 
artery entering the periphery bloc)~ at a constant rate until complete 
equilibrium is obtained. Recirculation of tracer from the vein to the 
artery is prevented. Subsequently, the tracer infusion is stopped, and the 
tracer mass accumulated in the equilibration phase is either washed out 
into the venous circulati9 n or taken' up by the tissue. The mass of tracer 
that exits from the tissue di'dded by the arterial tracer concentration is 
denoted as circulating volume. The mass of tracer that is taken up and 
metabo!ized by the tissue divided by the arterial tracer concentration is 

17 denoted as noncirculating volume. Their sum is the total distribution 
volume (Vror). The product of VroT and arterial glucose concentration 
is the actual total glucose mass. 

The Volume components can be calculated from the impulse re- 
sponses. However, besides the artery-vein impulse response, rper(t), the 
artery-uptake imPulse response must be considered (Fig 2). The 
artery-uptake impu!se )'esponse represents th e dYnamic properties of the 
movement of glucose from the vascular space into the cell, where the 
glucose tracer is removed by phosphorylation. Glucose that is removed 
from the vascular space is not immediately metabolized. There is a 
delay, as there is )For tracer that passes from artery to vein. The 
expression for the total Volume of distribution is an extension of the 
classic equation for the calculation of volumes. ~5 The following 
equation accounts for the factthat the glucose tracer can leave the tissue 
by one of two paths (entering the vein O r g!yc01ysis)17: 

Vro T = c o  × [(1 - E) × MTTAv + E × MTTAu]. (1) 

In this equation, CO i s the cardia c output, E is the fractional extraction, 
and MTTAv and MTTAu are the mean artery-vein and artery-uptake 
transit times, respectively. Eq 1 includes the two volume components, 
ie, the circu!ating [CO × (1 - E) × MTTAv] and noncirculattng 
[CO × E × MTI'Au ] 'volume. Note that" for unextracted substances 
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(E = 0), Eq 1 reduces to the classic equation for the volume 
(volume = flow × mean transit time). 

With our glucose tracer ([3-3H]gtucose), irreversible glucose uptake 
is basicaliy equal to the rate of glucose phosphorylation. Thus, the 
artery-uptake impulse response describes the dynamic relationship 
between the arterial glucose influx and the rate of glucose phosphoryla- 
tion. Since glucose is present as free glucose before it is phosphorylated, 
the total glucose mass is in our context equal to the total free glucose 
mass (vascular, interstitial, and intracellular). Therefore, in our experi- 
ments, VTor is the ratio between total whole-body free glucose mass 
and arterial glucose concentration. 

The whole-body circulating volume, ie, the sum of the circulating 
volume of the periphery and of the heart-lung system, is readily 
calculated because E and MTTAv can be determined from rper(t)- This 
volume equals the noncompartmental estimate of the distribution 
volume. 17 Unfortunately, the noncirculating volume cannot be calcu- 
lated, because MTTAu is indeterminable and it is not possible to derive 
MTTAn from MTTAv without additional experimental information. 
Thus, we could not experimentally assess the total glucose distribution 

volume, VTOT. 
Calculation of uptake. The calculation of uptake in non-steady 

state was considered in detail lI with reference to the model of Fig 2. It 
was shown that the calculation of uptake requires knowledge of the 
artery-uptake impulse response (Fig 2), which cannot be obtained from 
a classic whole-body tracer experiment. To circumvent this problem, 
calculation of uptake is divided into two steps. In the first step, a 
substitute for uptake, called arterial-equivalent uptake, is calculated as 
the product of arterial concentration and clearance. Clearance varies 
with time and is estimated with the circulatory model from the tracer 
data. No assumptions on the artery-uptake impulse response are 
required to calculate arterial-equivalent uptake. However, arterial- 
equivalent uptake is not equal to uptake. There is a delay as glucose 
moves from the arterial blood to the glucose-metabolizing cells where it 
is phosphorylated. In the second step, this delay is taken into account. 
Theoretically, uptake could be obtained from the convolution of 
arterial-equivalent uptake with the artery-uptake transit time density 
function, if this were known. In practice, uptake can be predicted 
qualitatively as arterial-equivalent uptake delayed by the mean artery- 
uptake transit time. i1 

An estimate of the mean artery-uptake transit time was derived by 
combining results from published studies and relationships between 
variables depicted in Eq 1. We considered that during a euglycemic 
glucose clamp a change of the total whole-body free glucose mass is not 
expected if the free glucose content in muscle, which is the most 
important site of insulin action, does not vary. Since there is no evidence 
of a change in the muscle nonphosphorylated glucose content 
(extracellular + intracellular) in man 25-27 and in rat (D. Wasserman, 
personal communication, June 1995), the total whole-body free glucose 
mass is not expected to change under the action of insulin. Since VTOT is 
the ratio of the total whole-body free glucose mass and arterial glucose 
concentration, which is constant during the clamp, this implies that 
VTOT (Eq 1) must be constant as well. In our experimental conditions, 
cardiac output does not change, and we also found experimentally that 
MTTAv did not change despite a marked increase in the fractional 
extraction (E). Based on Eq 1, if MTTAu is much greater than MTTAv, 
when fractional extraction (E) increases VTOT must increase as well, 
which is in contrast to our observations. On fire contrary, if MTT4v 
equals MTTAu, Eq 1 yields VTOT = CO × MTTAv, which is in our 
experimental conditions virtually constant. It can thus be conjectured 
that MTTAv and MTTat: are similar. Therefore, we used the computable 
MTTAv as an estimate of the noncomputable MTTAv. 

Calculation of Ra. In our experiments, the measured glucose 
concentration is the sum of two components: an endogenous component 
arising from endogenous glucose production, and an exogenous compo- 
nent arising from infusion of exogenous glucose during the clamp. 

Using the circulatory model and the tracer-determined parameters, we 
first calculated the exogenous component of glucose concentration from 
the known glucose infusion rate. We then subtracted these calculated 
values from the measured glucose concentration, thus obtaining the 
endogenous component. Finally, from the endogenous glucose concen- 
tration component and using the circulatory model, we calculated 
glucose production by deconvolution (see the Appendix for details). 
The total Ra of glucose was obtained as the sum of glucose production 
and exogenous glucose infusion. 

Steele's model. In our analysis, we did not calculate glucose fluxes 
using Steele's model. This calculation would have been unreliable 
because of the large changes in specific activity observed in our 
experiments. We instead evaluated the error of Steele's model on 
glucose uptake in the ideal situation of constant specific activity. In this 
condition, the Ra of glucose is accurately calculated) Moreover, in our 
experimental conditions, glucose uptake as calculated by Steele's model 
equals the Ra of glucose, because arterial glucose concentration is 
constant. Thus, the difference between the actual rates of glucose uptake 
and appearance is the error on glucose uptake of Steele's model in the 
ideal condition of constant specific activity. We have evaluated this 
difference with the circulatory model. 

Evaluation of  Insulin Action 

The traditional method for assessing the speed with which insulin 
stimulates glucose uptake and suppresses glucose production is based 
on normalization of fluxes on a 0% to 100% scale (linear scaling). For 
instance, one calculates the ratio between the glucose uptake increment 
from basal at a given time and the maximal glucose uptake increment. 
This approach is useful for comparing the time course of two variables 
measured in different units, in which one (eg, glucose uptake) is 
supposed to be the effect of the other (eg, insulin concentration in some 
body compartment). However, linear scaling is misleading if the 
relationship between the two variables is not linear. This is the case for 
insulin concentration and glucose uptake, as the latter does not increase 
in proportion to the former at high insulin concentrations (glucose 
uptake saturates at high insulin levels). 

Consider, for instance, the relationship between insulin concentration 
at the cell membrane and glucose uptake. Consider first an experiment 
in which a small gradual increase of insulin concentration at the cell 
membrane is produced. Suppose that in this experiment both insulin 
concentration at the cell membrane and glucose uptake reach their 
half-maximal value at 20 minutes. Consider then a similar experiment at 
a much higher insulin dose, in which glucose uptake saturates, and 
suppose that insuIin concentration at the cell membrane still reaches its 
half-maximal value at 20 minutes. In the second experiment, at 20 
minutes insulin concentration at the cell membrane is much higher than 
in the first experiment, but because glucose uptake becomes saturated at 
this insulin concentration, at 20 minutes glucose uptake is closer to its 
maximal value, ie, beyond the half-maximal value. The half-time of 
glucose uptake as calculated by linear scaling must thus be less than 20 
minutes. If the speed of insulin action is evaluated using linear scaling, 
the investigator may have the false impression that increasing the 
insulin dose also produces an increase of the speed of action. This is not 
true, since the half-time of the signal that stimulates glucose uptake (ie, 
insulin concentration at the cell membrane) is 20 minutes in both 
experiments. 

We attempted to overcome this problem by accounting for the 
saturation of glucose fluxes. We first determined the steady-state 
relationship between insulin concentration and glucose uptake and 
production by fitting to the published experimental data 28 and to our 
results the function, 

EmaxI 
F = F0 + - -  (2) 

ECso + I ' 
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where F is the glucose flux (uptake or production) at a given insulin 
concentration I, F0 is the extrapolation of F to zero insulin, Emax is the 
maximal flux, and ECs0 is the insulin concentration at which the flux is 
half-maximal. We obtained two distinct sets of parameters (F0, Emax, and 
ECs0) for describing the insulin uptake and insulin production dose- 
response curves. We then solved Eq 2 for I, and calculated the time 
course of the insulin concentration, I(t), corresponding to the model- 
determined glucose flux, F(t) (uptake or production). This calculated 
(ie, not measured) insulin concentration represents the signal that 
stimulates glucose uptake (or suppresses glucose production), and is 
referred to as the "insulin signal." The insulin signal would be the 
insulin concentration at the cell membrane in the example above. 
Finally, we plotted the insulin signal on a 0% to 100% scale, and 
estimated the half-times graphically from the plots. 

Arteriovenous Differences 

In the three quasi-steady-state periods ( -30  to 0, 150 to 180, and 300 
to 330 minutes), hepatic glucose uptake and production were calculated 
with the arteriovenous-difference method. Net hepatic glucose balance 
(NHGB) was calculated with the equation, NHGB = 0.73 × 
[(0.2GA + 0.8Gp) - GH] X HBE where GA, Gp, and Gn are plasma 
glucose concentrations in the femoral artery, portal vein, and hepatic 
vein, respectively, and HBF is hepatic blood flow. The factors 0.2 and 
0.8 represent the percent contribution of the hepatic artery and portal 
vein, respectively, to total hepatic blood flow. 29 The factor 0.73 converts 
plasma glucose concentrations into blood glucose concentrations. 12 
Hepatic tracer uptake (HTU) was calculated as HTU = 0.73 × 
[(0.2G~ + 0.8G~) - Gff] x HBF, where G~, GIL and G{f are plasma 
[3-3H]glucose concentrations in the femoral artery, portal vein, and 
hepatic vein, respectively. Hepatic glucose uptake (HGU) was calcu- 
lated by dividing HTU by the average inflowing specific activity, ie, 
(0.2G~ + 0.8G~)/(0.2GA + 0.8Gp). Hepatic glucose production was 
calculated as HGU - NHGB. 

Data Presentation 

The data and results are presented as the mean _+ SE. Glucose fluxes, 
which are piecewise constant functions of time calculated every 10 
minutes, are plotted with linearly interpolated lines. The calculated 
values are drawn centered in the 10-minute interval to which they refer. 
The Student t test was used for the comparisons. 

RESULTS 

Data and Model Fit 

Arterial plasma insulin levels increased from 12.3 _+ 1.6 to 
104 -+ 15 pU/mL following insulin infusion. The exogenous 
glucose infusion rate required to maintain arterial glycemia 
constant continuously increased. The mean glucose infusion 
rates during the quasi-steady-state periods of the clamp (150 to 
180 and 300 to 330 minutes) were 13.4 _+ 0.9 and 15.2 _+ 2.2 
mg•  rain -1 • kg - l ,  respectively. Mean arterial plasma glucose 
and [3-3H]glucose concentrations are shown in Fig 3, together 
with the model fit. During the clamp, the arterial tracer 
concentration after the initial decrease followed the pattern of 
tracer infusion. Since euglycemia was maintained, arterial 
specific activity followed a pattern similar to that of the tracer. 

The mean model residuals ( m e a s u r e d -  model-predicted 
concentration) for glucose, [3-3H]glucose, and glucose specific 
activity did not differ significantly from zero, on average. At  
most of the time points, the mean residual differed from zero by 
less than 2 SE of the residual at the given time point. In the basal 
state, in which standard least squares were used, the coefficients 
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Fig 3, (Top) [3-3Hlglucose concentration normalized to the 
[3-3H]glucose infusion rate of the basal period, (Bottom) Glucose 
concentration, Solid lines represent the model fit. 

of variation of the individually estimated model parameters 
were less than 25%. We could not calculate the coefficients of 
variation during the non-steady state, because in this period we 
did not use standard least squares (see the Appendix). The 
absence of bias in the residuals and the satisfactory values for 
the coefficients of variation indicated that the model was of 
adequate complexity. The model fit was not improved by 
increasing the number of exponentials of the periphery-block 
response (results not shown). 

Steady-State Parameters 

The transit time density functions of the body tissues in the 
basal ( - 1 5 0  to 0 minutes) and insulin-stimulated (330 to 390 
minutes) state are shown in Fig 4. The kinetic parameters 
(fractional extraction, clearance, mean artery-vein transit time, 
and circulating volume) are reported in Table 1. The increase of 
fractional extraction and clearance and the decrease of circulat- 
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Fig 4. Transit time density function of the body tissues [rper(t) 
normalized to its area] in the basal (0 )  and insulin-stimulated (©) 
steady state, Error bars for the 2 curves are reported at selected times 
for clarity and drawn in opposite directions, 
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Table 1. S t e a d y - S t a t e  Kinet ic Parameters  of the  Per iphery 

Basal Insulin- Stimulated 
Parameter (-150to 0 min) (330 to 390 rain) 

Fractional extract ion (%) 3.0 -- 0.3 18 ± 2* 

Mean artery-vein transit  t ime (min) 3.1 _+ 0.2 2.9 -+ 0.4 

Clearance (mL - min 1 . kg-1) 2.6 ± 0.3 16 ± 2* 

Circulat ing vo lume (mL/kg) 262 ± 18 206 ± 22* 

*P<-  ,05, insul in-st imulated vbasal.  

ing volume were statistically significant. The principal effect of 
insulin glucose kinetics was to enhance the fractional extraction 
of glucose in the body tissues. The change in mean artery-vein 
transit time was not statistically significant, and thus the 
decrease of circulating volume was a consequence of the 
increase in fractional extraction (Eq 1). In the insulin-stimulated 
state, we found a positive correlation between fractional extrac- 
tion and mean artery-vein transit time (r = .93, P < .05) and 
between clearance and circulating volume (r = .91, P < .05). 

Non-Steady-State Calculations 

During the non-steady-state period, the fractional extraction 
of glucose by the body tissues increased from a basal value of 
3.0% -+ 0.3% to a final value of 18% _+ 2% (Table 1). The 
greatest change occurred in the first 30 minutes, but fractional 
extraction continued to increase throughout the experiment, as 
did the exogenous glucose infusion. Glucose arterial-equivalent 
uptake, total Ra, and production estimated using the circulatory 
model are reported in Fig 5. The time course of fractional 
extraction was similar (in its own scale) to that of arterial- 
equivalent uptake, since arterial glucose concentration was kept 
constant. The insulin-induced increase in arterial-equivalent 
uptake preceded the increase in the total Ra by about 7 to 8 
minutes (Fig 5, top). The difference between the arterial- 
equivalent uptake and the Ra was positive in the first 30 minutes 
(Fig 5, bottom). To determine if this finding could be due to the 
small initial decrease in glucose concentration (Fig 3), we 
recalculated the difference between arterial-equivalent uptake 
and total Ra with the model fixing the glucose concentration 
during the clamp to the basal value. The peak difference did not 
change substantially (Fig 5, bottom). We could not calculate the 
exact time course of uptake. However, we estimated the delay 
between uptake and arterial-equivalent uptake, ie, the mean 
artery-uptake transit time, which equals the mean artery-vein 
transit time ( - 3  minutes; Table 1). We thus found that the 
increase in uptake followed the increase in arterial-equivalent 
uptake by approximately 3 minutes. Since arterial-equivalent 
uptake preceded the increase in the Ra of glucose by about 7 to 
8 minutes, the increase in uptake preceded the increase in the 
glucose Ra by about 4 to 5 minutes. The peak difference 
between uptake and total Ra of glucose was estimated to be 1 to 
1.5 mg.  min 1. kg-1. Glucose production was gradually sup- 
pressed to 28% --- 10% of the basal value (Fig 5, middle). 

Insulin Action 

Figure 6 shows dose-response curves used in calculation of 
the insulin signal. The estimated parameters of Eq 2 were F0 = 
-0 .83  mg • rain -1 • kg -~, Emax = 22.2 mg • min 1 . kg-~, and 
ECso = 52.7 ~tU/mL for uptake and Fo = 3.42 mg.  min 1. kg-~, 
Emax = -3 .59  mg - min ~ - kg -1, and ECso = 55.6 pU/mL for 
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production. The apparently inconsistent negative value of F0 
(flux at zero insulin, Eq 2) for the uptake dose-response curve is 
not relevant in our analysis, because the dose-response curve is 
not used to predict uptake at insulin levels less than basal. The 
negative F0 value improved the data fit in the range of insulin 
concentrations seen in our experiments. 

We accounted for the nonlinearity of the insulin concentration- 
glucose uptake relationship by converting a given glucose flux 
to an insulin signal with Eq 2. This nonlinear transformation 
markedly affected the half-times for insulin's effects on glucose 
production and arterial equivalent-uptake when it was com- 
pared against standard linear transformation (Fig 7). For 
arterial-equivalent uptake, the half-times estimated graphically 
from Fig 7 were 20 and 54 minutes with linear and nonlinear 
transformation, respectively. The corresponding values for 
production were 25 and 39 minutes. Although the half-time for 
uptake calculated with nonlinear transformation was higher 
than the half-time for production, the comparison between the 
speed of uptake activation and production suppression was 
difficult to assess because the shapes of the curves were 
different. 
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Fig 5, (Top) Glucose ar ter ia l -equiva lent  uptake  (AEU, O)  and tota l  
Ra (O). Error bars are d r a w n  u p w a r d  for A E U  and d o w n w a r d  for  Ra. 
(Middle)  Glucose product ion.  (Bot tom)  Dif ference b e t w e e n  A E U  and 
Ra. D o t t e d  line represents  the  mean  di f ference calculated w i t h  the  
mode l  and the  arterial  g lucose concentra t ion  f ixed at  its basal value.  
Basal va lues are depic ted at  t = - 5  minutes.  
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Fig 6. Dose-response curves for glucose uptake (circles and left 
scale) and production (squares and right scale). Closed symbols, data 
from Bradley et al. 2s Open symbols, data from this study. Solid lines 
are obtained with Eq 2 and the parameters estimated herein (for 
uptake, the point at ~3  ixU/mL was excluded). The broken line is 
obtained with Eq 2 and the parameters from Bradley et a13 a 

Arteriovenous Differences 

Hepatic glucose production calculated with the arteriovenous- 
difference method in the basal ( -30  to 0 minutes) and 
insulin-stimulated (150 to 180 and 300 to 330 minutes) states 
was 3.1 + 0.5, 0.48 + 0.20, and 0.07 -+ 0.19 mg. rain -1 • kg -1, 
respectively (P---.05, 150 to 180 and 300 to 330 minutes v 
basal). During the same periods, hepatic glucose uptake was 
0.23 _+_+ 0.26, 0.91 -+ 0.27, and 0.96 + 0.26 mg - min -1 • kg -1 
(the increase did not reach statistical significance). 

We found slightly higher values for glucose production with 
the circulatory model than with the arteriovenous-difference 
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Fig 7. Rates of arterial-equivalent glucose uptake (AEU, top) and 
glucose production (bottom) expressed either as a % of the maximal 
change in the variable over the absolute basal rates (broken lines) or 
as a percent change of the insulin signal calculated with nonlinear 
transformation (solid lines). Dotted lines show calculation of the 
half-times. 

method during the quasi-steady-state periods of the clamp. 
Model-calculated glucose production was in fact 1.1 _+ 0.3 and 
0.8 -+ 0.3 mg • min -1 - kg -1 for the periods 150 to 180 and 300 
to 330 minutes, respectively (P < .05, model v arteriovenous 
differences). Glucose production calculated with the two meth- 
ods in the three quasi-steady-state periods was highly corre- 
lated (r = .89, P < .0001, all periods and cases pooled). 

DISCUSSION 

In the present study, we used a novel circulatory modeling 
approach to assess the time course of insulin-stimulated glucose 
uptake during a euglycemic-hyperinsulinemic clamp. Although 
the problem of accurately assessing glucose production in this 
experimental condition has been satisfactorily solved by reduc- 
ing the changes in specific activity, 2 the problem of the 
calculation of uptake has not been specifically addressed. The 
assumption of previous studies using Steele's model was that 
uptake is always equal to total Ra during a euglycemic- 
hyperinsulinemic clamp. Our results demonstrate that this 
assumption is likely incorrect. Glucose uptake increases faster 
than the total Ra of glucose during the initial 30 minutes of the 
clamp. 

To reach this conclusion, we used an approach based on 
circulatory models that was specifically developed for address- 
ing the problem of uptake. 11 The difficulty is that the determina- 
tion of glucose uptake in the non-steady state is model- 
dependent, and thus requires an appropriate model. In addition, 
it is impracticable to perform validation experiments. Validation 
experiments require a direct measure of uptake, which cannot 
be directly measured in vivo. The use of arteriovenous- 
difference techniques across tissues does not help as it does for 
glucose production, because the delay as glucose is removed 
from the plasma pool to the site of uptake is unknown. Another 
approach would be to directly assess the time course of the 
total-body glucose mass and calculate the uptake (uptake = 
Ra - dmass/dt). This is also not feasible in vivo. Therefore, 
only an appropriate model choice can ensure a reliable calcula- 
tion of uptake. 

The approach we adopted has the advantage of being based 
on a physical description of the system (the circulatory loop) 
and on the application of Zierler's model-independent kinetic 
methods,15,16 appropriately extended. 11.17 Circulatory models do 
not postulate a system structure (apart from the circulatory 
loop), but only make use of impulse responses (the so-called 
black-box approach). Assumptions are necessary to numerically 
calculate the artery-vein SPIR of the body tissues in our specific 
experimental condition, 18 but we do not assume a physical 
structure of body organs included in the periphery block of Fig 
2. With circulatory models, the model dependency of the 
calculation of uptake is formalized on the basis of impulse 
responses. A clear distinction is made between the artery-vein 
impulse response, the determination of which does not require 
structural assumptions, and the artery-uptake impulse response, 
for which the determination requires knowledge of the system 
structure. This distinction naturally leads to a two-step calcula- 
tion of uptake. 11 First, the so-called arterial-equivalent uptake is 
calculated (this step requires the artery-vein impulse response 
only), and then uptake can be predicted if some information is 
available on the artery-uptake impulse response. 
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In our experiments, we determined the artery-vein impulse 
response [rper(t)], but did not attempt to derive the artery-uptake 
impulse response from rper(t). We instead addressed the simpler 
problem of obtaining an estimate of the mean artery-uptake 
transit time, using independent experimental information. The 
hypothesis we made extrapolating from published results (see 
the methods) is that the overall change of whole-body glucose 
mass during the clamp is negligible. Given our experimental 
results, the consequence of this hypothesis is that the unknown 
mean artery-uptake transit time (MTTAu) was assumed to equal 
the computable mean artery-vein transit time (MTTAv). We 
used this estimate of MTTAu to predict uptake qualitatively, 
because uptake is delayed with respect to arterial-equivalent 
uptake, and MTTAu is the delay.11 

It is important to stress the difference between compartmental 
analysis and the circulatory model that we used. Compartmental 
analysis postulates a system structure when a specific model 
configuration is adopted, as in Ferrannini et al. 3° This is 
equivalent to assuming a relationship between the artery-vein 
and artery-uptake impulse responses, particularly between 
MTTAv and MTTAu. 17 Since compartmental models are not 
derived from a physical model, the analysis of uptake may be 
totally unreliable. The calculation of glucose uptake with 
compartmental models is thus essentially dependent on discre- 
tionary assumptions. 4 In contrast, our approach deliberately 
avoids postulating a relationship between the artery-vein and 
artery-uptake impulse responses. Only the mean transit time is 
estimated, and it is estimated using independent experimental 
evidence. 

With the circulatory model, we demonstrated that during the 
initial 30 minutes of a euglycemic-hyperinsulinemic clamp the 
increase in uptake preceded the increase in the total Ra by about 
4 to 5 minutes. The total Ra underestimated uptake by a 
maximum of 15% to 20% (1 to 1.5 mg • rain -1 • kg-1). Thus, 
assuming that the Ra of glucose is equal to uptake, as Steele's 
model does, leads to a systematic initial underestimation o f  
uptake. This error is present even when the total Ra is calculated 
correctly with Steele's model by minimizing the changes in 
glucose specific activity. If the specific activity is allowed to 
decrease during the clamp, the error in estimating uptake using 
Steele's model is even greater. Although it is obvious that the 
error is negligible after the initial 30 minutes (during the latter 
part of the clamp, the equivalence of uptake and total Ra can be 
assumed), this error will affect assessment of the speed that 
insulin stimulates uptake. And it certainly prevents detection of 
the initial transient decrease of glucose mass observed in our 
experiments. 

An equally important aspect in assessing the speed with 
which insulin activates a metabolic process is the scaling 
method used. In the traditional analysis, all variables are 
normalized to a homogeneous scale (usually 0% to 100%) by 
linear transformation (ie, linear scaling). For instance, the 
increment of glucose uptake over the basal value is expressed as 
a percentage of the maximal increment during the clamp. This 
time course can then be compared with an analogous calcula- 
tion made on the plasma insulin concentration (eg, Ader et al 6) 
or other physiological event such as activation of an enzyme. 1° 
This approach is only correct if the relationship between 
variables is linear. The relationship between insulin concentra- 

tion and glucose uptake (and glucose production) is not linear. It 
exhibits saturation (ie. glucose uptake does not increase indefi- 
nitely as insulin levels are mcreased). As explained in the 
methods, the imposition of linear scaling on nonlinear data has 
the effect that as the dose of insulin is increased the apparent 
half-times for stimulation of glucose uptake (and suppression of 
glucose production) decrease. This is depicted using simulated 
data in Fig 8. In the simulation, the insulin signal that stimulates 
glucose uptake (ie. insulin concentration at the cell membrane) 
ts supposed to increase monoexponentially from a basal to a 
maximal value as a consequence of a step-increase in plasma 
insulin concentration. The increase of the insulin signal is 
supposed to be proportional to the increase of plasma insulin 
concentration. The half-time of the insulin signal is supposed to 
be independent of the insulin level, and is fixed at 50 minutes. 
Glucose uptake is calculated assuming that it is related to the 
insulin signal according to the nonlinear function represented 
by Eq 2 and using the parameters ofEq 2 reported in the results. 
Glucose uptake is plotted in Fig 8 using the standard linear 
transformation. The simulation is repeated for the range of 
insulin concentration increments shown in Fig 8. The apparent 
half-time for stimulation of glucose uptake decreases as insulin 
concentration increases. Fu/thermore. even at 100 aU/mL, one 
has the impression that stimulation of glucose uptake (half-time. 
- 3 5  minutes) precedes activation of the stimulus, ie. the insulin 
signal c half-time, 50 minutes j, which is a contradiction. How- 
ever. if we calculate (as explained in the methods) the term we 
call the insulin signal from the glucose flux data using the 
inverse ofEq 2 an d plot its time course using the standard linear 
transformation, we obviously reobtain the original insulin 
signal that has a dose-independent half-time of 50 minutes. In 
summary, our analysis shows that linear scaling of nonlinearly 
related variables may bias the assessment of the half-times of 
the variables. Both the dose dependency of half-times 9 and 
unexpected temporal relationships between two variables 1° can 
be a consequence of inappropriate linear scaling. 

Using the traditional approach to assess the speed of onset of 
insulin action, we observed a half-time for the activation rate 
(20 minutes ~ similar to that reported by others in dog (15 to 30 
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Fig 8. Simulated time course of the glucose uptake change 
expressed as % of the maximal change over basal at different insulin 
doses. The simulation includes an activation (0 to  300 minutes) and a 
deactivation (300 to 600 minutes) period. The insulin signal increases 
monoexponentially from the basal to the maximal value reported in 
the figure, and then returns to basal. The half-time of the insulin 
signal is 50 minutes for all insulin doses. The 4 curves are obtained 
with Eq 2 using the parameters estimated in this study. 
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minutes 6,28). When we accounted for saturation by first normal- 
izing the nonlinear glucose uptake data with the known 
relationship between insulin levels and glucose uptake (Eq 2), 
we found a markedly higher value for the half-time of the 
insulin signal controlling uptake, ie, 54 minutes. Such a 
difference markedly alters the perception Of the temporal 
relationship between uptake and the physiological variables leg, 
enzyme activation and protein phosphorylation). 

The higher the prevailing insulin concentration compared 
with ECs0, the greater the degree of saturation and the shorter 
the apparent half-time (Fig 8). The ECs0 value thus critically 
determines the half-time difference between the classic ap- 
proach and that accounting for saturation. Our estimate of ECso 
for uptake is about 55 ~tU/mL. which is lower than previously 
reported zs (86 gU/mL). However. Fig 6 shows that the param- 
eters of Eq 2 previously reported % do not adequately describe 
the curvature of the insulin-uptake relationship. In particular, 
glucose turnover at basal insulin levels predicted by these 
parameters is about 5.5 m g - r a i n  -~- kg-L which is almost 
twofold the basal glucose turnover in a dog ( - 3  mg-  
min-  ~ • kg -  1). Furthermore. the increase of uptake that we have 
observed with an insulin concentration about 2.5 times higher 
than that of the present experiments does not appear compatible 
with a value of ECs0 as high as that previously reported 28 
(unpublished observations, June 1985). Therefore, although it 
may be difficull to estimate ECs0 accurately, there is evidence 
that the system is driven into the saturation region at the insulin 
level we and several other groups have used to assess the timing 
of insulin action. 6,9,m,28,3I Since in these studies the investiga- 

tors did not account for saturation, the timing of insulin action 
likely had not been properly evaluated. This possibility is 
confirmed by examination of the published plots of uptake in 
dogs and humans 6,9,2s,3~ that indicate a reduction of the half- 

times as the insulin level is increased (ie, driven toward 
saturation). The same mechanism can explain why at pharmaco- 
logical insulin levels (>5.000 ~tU/mL) but not at moderate 
insulin concentrations (between 50 and 130 ~tU/mL) the esti- 
mate of uptake markedly preceded the time course of lymph 
insulin concentration. 6 The recent finding that the increase of 

glucose uptake preceded the increase of insulin receptor tyro- 
sine kinase activity, 1° which is not logical, can also be explained 

by this phenomenon. 

The influence of saturation on the apparent half-times 
becomes important when different populations are compared 

(such as in Prager et al 9 and Castillo et a132), because half-time 

differences can result simply from different dose-response 

curves. For example, obese subjects have been reported to have 

longer half-times than lean subjects. 32 This difference may be 

explained by a different degree of saturation in the two groups, 

since it is known that in obesity the ECso for uptake may be 
increased. 33 

An even more complex problem is the interpretation of the 

speed of activation versus deactivation of glucose fluxes. 

Because of saturation, the apparent half-time decreases during 
activation and increases during deactivation (Fig 8). Thus. 

activation and deactivation profiles can be nonsymmetrical 

despite a symmetrical insulin signal. This phenomenon is 

clearly visible at pharmacological insulin levels, 6 and can also 

explain part of the difference between activation and deactiva- 
tion profiles observed at lower insulin levels. 9 Furthermore, by 

comparing the half-times of onset and offset, the error on uptake 

of Steele's model may be more important, because different 
errors are expected in the activation and deactivation phase. 

In summary, with our novel modeling approach, we have 

evaluated for the first time the impact of the error in estimating 
glucose uptake using Steele's model during a hyperinsulinemic- 
euglycemic glucose clamp. We have shown that the magnitude 

of the error is small in a relative sense, although Steele's model 

prevents detection of transient changes of glucose mass during 

the clamp. However. we found that a more important error is the 

classic method of comparing insulin concentration and glucose 

uptake and production on the same scale using a linear 

transformation. We have shown that because saturation has not 

been considered in previous studies, the speed of onset of 
insulin action may have been previously overestimated. There- 

fore, the interpretation of onset and offset curves obtained with 
the traditional analysis may require a revision. 

APPENDIX 

The circulatory model of Fig 2 was mathematically described according to the following stepsIS: (1) the impulse responses of the heart-lung and 
periphery blocks were modeled as multiexponential functions; (2) these impulse responses were converted to linear differential equations, which are 
more suitable for computer simulation: and (3) the differential equations of  the heart-lung and periphery blocks were combined to obtain the 
differential equations of the circulatory model of Fig 2. These steps are described in detail in the first section of this Appendix. The second section 
illustrates the parameter estimation procedures. 

Model Equations 

Heart-lung block impulse response. The impulse response of the heart-lung block [rLu,g(t)l was modeled with a two-exponential function. This 
impulse response was derived from studies on glucose kinetics in the heart-lung system. 21-23 The following assumptions were made: the glucose 
fractional extraction is zero (the coronary circulation is included in the periphery); the glucose volume (lung plus heart chambers) is Vlung = 17 
mL/kg; and rlung(t) is initially zero, rapidly increases to a peak, and then more slowly returns to zero. Cardiac output (CO), expressed as blood flow, 
was assumed to equal 120 mL • min -1 • kg 1.19 Since glucose was measured in plasma and is carried in the red blood cells at a lower concentration. 
the cardiac output based on blood flow was corrected by the average ratio of blood glucose to plasma glucose concentration observed in dog f0.7312). 
The corrected value was thus CO = 0.73 x 120 ml • rain -1 • kg -1. 

The two-exponential qung(t) was represented as the convolution of a faster and a slower monoexponential function. 

rl,,g(t) = ~ e  -[3t @ toe ~t, (A1) 



INSULIN ACTION ON GLUCOSE FLUXES 1125 

where the symbol ® denotes the convolution operator, [3 is the exponent of the fastest exponential, and 03 is the exponent of the slowest exponential. 
The convolution with the fastest exponential [3e -~t has the effect of changing the initial brisk increase that a simple monoexporlential response toe -~°t 
would have at time zero into a rapid but gradual increase, as observed experimentally. 21 The initial value of rlung(t) is thus Zero. The parameter [3, 
which determines the initial rate of increas e of r~uag(t), was fixed to 1 5 rain-1 to match previous experimental observations. 2l 

The fact that both monoexp0nential functions in Eq A1 are of the type Ke- ~t ensures that their integral from zero to infinity is equal to 1 (the integral 
from zero to infinity of e -~t is K-l). This also implies that the integral from zero to infinity of rl.ng(t), ie, the area under rl~ng(t), is equal to 1 (areas 

multiply with convolution). Thus, the fractional extraction of glucose (ie, i - area under the impulse resPonse ) is zero in the heart-lung block. 
The parameter 03 was determined from the mean transit time of rlung (t). This mean transit time equals the ratio between the volume of distribution of 

glucose in the lung-heart block and cardiac output, 24 ie, Vlung/CO, which is fixed (as already shown). The mean transit time of rlung(t) is equal to the 
sum of the mean transit times of [3e ~t and coe-'°t (mean transit times add up with convolution of functions with unit area). Since the mean transit time 
of a function of the type Ke -~t is K-l, 24 the mean transit time of rlung(t) is 03-1 + [3-1. Thus, 03 was calculated from the equation, o3 1 -t- [3-1 
Vl~g/CO, ie, 

[3CO 
o~ (A2) 

[3V~g - C O  

Using these assumptions, 03 was calculated from Eq A2 mad the mean transit time was calculated as VI~g/CO. The calculated values for o~ and mean 
transit time were 7.85 rain - t  and 11.6 seconds, respectively. The heart-lung impulse response was determined from these assumptions and was 
assumed to remain constant during the course of the study. 

Periphery block impulse response. The impulse response of the periphery block [rpor(t)] was modeled with a three-exponential function. This 
impulse response starts from zero, rapidly increases to a peak, and then gradually returns to zero according to a two-exponential pattern. Similarly to 

flung(t), rp~,(t) was obtained from the convolution of a fast monoexponential function with a two-exponential function, ie, 

rp~(t) = 3'e ~t ® [Ale cqt _~_ A2 e c~2t], (A3) 

where 2; is the exponent of the fastest exponential, which determines the initial increase of rper(t), and o~ 1 and ~x2 are the exponents of the decaying 
exponentials. Since the glucose distribution volume in the periphery block is greater than in the heart-lung block, a slower response is expected in the 
periphery than in the heart-lung block (ie, 3' < [3). Thus, the exponent 3' was fixed to a value of 10 min -1. 

For convenience, Eq A3 was expressed with different parameters, 

rper(t ) = 3'e -~t ® [weqe ~qt + (1 -- w)~2e-C~2t]6, (A4) 

where the parameters 6 and w (0 < w < 1) replace A1 and A2 [A1 = 6wal and A2 = 6(l - w)oL2]. The new parameters better characterize the impulse 
response rper(t). The integral from zero to infinity O f rper(t), ie, the area under rper(t), is calIed the transmission, 24 and is equal to 1 - fractional 
extraction of rper(t). This integral equals the integral from zero to infinity of the two-exponential function [weqe -~lt + (1 - w)e~2e ,~zt] 6, because the 

integral from zero t0 infinity of3'e -vt is 1 (areas multiply with convolution). Thus, the transmission is [w + (1 - w)] 6 = 6 (the integrals from zero to 
infinity of oqe-Cqt and ~2 e-c~2t are equal to 1), and w represents the percent contribution of the first exponential to the total area under rper(t). 

Differential equations. The impulse responses characterize the relationship between tracer concentration at the inlet and at the outlet of each of 
the blocks of Fig 2. Tracer concentration at the outlet is the convolution between the impulse response and tracer concentration at the inlet. For 
instance, arterial tracer concentration is the convolution between rlung(t) and tracer concentration in the right atrium. It was convenient to describe 
these convolution relationships with linear differential equations instead of convolution integrals, because differential equations are more suitable for 
computer simulation. With exponential impulse responses, the differential equations that describe convolutions have a relatively simple form. If y(t) 
denotes the result of the convolution between u(t) and the monoexponential impulse response Ae-% ie, y(t) = Ae -'~t ® u(t), y(t) is obtained from the 
differential equations, 

~(t) = -e~x(t) + u(t) and y(t) = Ax(t), (A5) 

where the dot denotes the time derivative and x(t) is an auxiliary variable, usually called a state variable (there are as many x(t) as the exponential 
terms of the impulse response). Note that no physical meaning can be attached to the auxiliary variables x(t). 

The arterial tracer concentration, Ga(t), is the convolution between raung(t) and tracer concentration in the right atrium, Gra(t) [Ga(t) = rlung(t) @ 
Gra(t)]. Since rlung(t) was represented as a convolution of two monoexponential functions (Eq A1), Ga(t) was obtained with a cascade convolution with 
two monoexponential functions [Ga(t) = rlung(t) @ Gra(t) = [3e ~t @ me tot @ Gra(t)]. Application of the principle of Eq A5 to the heart-lung block 
yields the differential equations, 

;~l(t) = -03xl(t) + Gr~(t), £2(t) = -[3x2(t) + 03xl(t), and G.(t) = [3x2(t), (A6) 

where the two equations account for the two monoexponential functions that constitute qu.g(t) (Eq A1). Note that in the cascade convolution the y(t) 
(Eq A5) of the first equation, ie, b3xl (t), becomes the u(t) of the second equation. 

Similarly, the mixed-venous tracer concentration (ie, tracer concentration in the right atrium, not including the contribution of exogenous tracer 
infusion), Gvit), is the convolution between rper(t ) and arterial tracer concentration, G~(t) [Gv(t) = rper(t) @ G.(t)]. Since rper(t) was represented as a 
convolution (Eq A4), this was also a cascade convolution [Gv(t) = rper(t) @ G~(t) = 'ye -~/t @ [wale eqt -]- (1 -- W)(x2e c~2t] ~ @ G.(t)], and was 
represented with the differential equations, 

x3(t) = -alX3(t) + w6Ga(t), £4(t) = -~x2x4(t) + (1 - w)6Q(t), ?~5(t) = -3'Xs(t) + oqx3(t) + a2x4(t), and Gv(t) = 3'xs(t), (A7) 
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where the first two equations correspond to the two-exponential function [wcqe -cqt + (1 - w)oL2 e-c~2t] ~ in Eq A4 (the term cqx3(t ) -t- ec2x4(t ) is the 
convolution between Ga(t) and this two-exponential function) and the last two equations account for the monoexponential function ",/e -'tt in Eq A4. 

The tracer concentration in th e right atrium, Gra(t), can be expressed as a function of the mixed-venous concentration, Gv(t), and the tracer infusion 

r a t e ,  e i n f ( t  ), using Fick's principle: 

Gr~(t) = Gv(t) + Rinf(t)/CO. (A8) 

Using this equation, Gra(t) and Gv(t) can be eliminated from Eqs A6 to A7, thus obtaining five differential equations (two for the heart-lung and three 
for the periphery block) that describe the circulatory model of Fig 2. These differential equations describe the whole-body response, and are used to 
calculate the model-predicted arterial tracer Concentration, Ga(t); that corresponds to the given tracer infusion rate, Rinf(t). The parameters in the 
differential equations that must estimated are cq, e~2, w, and ~ (o~; [3, and ~/are fixed). These parameters are time-varying during the clamp, and are 
modeled as detailed below. 

Time-varying parameters. The parameters eq, ~x2, w, and { were hel d constant in the basal period, but were allowed to vary with time during the 
non-steady-state period. They gradually approached a new constant value by the end of the experiment. The parameter change was modeled as an 
exponential transition to the final steady-state value plus a linear drift, and was approximated with a piecewise constant function. This function had a 
constant value during the whole basal period ( -  150 to 0 minutes) and in each of the 39 time intervals of length t = 10 minutes [0, 10], [10, 2 0 ] . . .  
[(k - I)T, k T ] . . .  [380, 390] minutes) into which the non-steady-state period was subdivided. For instance, w(t) was given by 

{ wb, - 1 5 0  --<t < 0 
w(t) = (A9) 

wk = Wb + AW[(1 - e -kkT) q- pkY], (k - 1)T --< t < kT, k = 1 . . .  39, 

where Wb is the basal value of w(t), and w l . . .  w39 are the values of w(t) during the non-steady state. The parameter Aw determines the change of w(t) 
from the basal to the insulin-stimulated state, k is the exponent of the exponential transition, and p is the coefficient of the linear drift. The coefficients 
c~1 (t) and c~2 (t) were modeled with functions analogous to Eq A9. 

During the non-steady state, the transmission ~(t) was modeled as a combination of a smooth component [0(t)], represented by a function 
analogous to Eq A9, and a random component [e(t)]. The term e(t) makes the fractional extraction [1 - ~(t)], the most important time-varying 
parameter, free from rigid functional constraints. As with the other time-varying coefficients, ~(t) was approximated with a piecewise constant 
function with values ~b, ~1, - • -,  {39. The k-th value ~k was related to the corresponding values of the smooth and random components, Ok and ek, by the 
equation 

~k = 0k(1 + ek), k = 1 . . .  39. (A10) 

In this way, e(t) represents a relative deviation of ~(t) from the smooth component 0(t). During the basal period, the basal transmission ~b coincides 
with 0b, ie, e(t) is zero. 

Glucose production was modeled as a piecewise constant function over the same set of time intervals on which the other time-varying model 

parameters were defined (Eq A9). Glucose production was thus determined by a vector of 40 parameters, Pb (basal production) and Pl •. • P39 
(production during the clamp). No functional constraint was imposed. 

Parameter Estimation 

The differential equations of the circulatory model, obtained by combining Eqs A6 to A10, represent the relationship between the known tracer 
infusion rate and arterial tracer concentration. The model-predicted tracer concentration was calculated by numerical simulation of the differential 
equations. The model parameters were determined using least squares, ie, by iteratively adjusting their values until the model-predicted tracer 
concentration matched the measured tracer concentration satisfactorily. 

The parameters of the circulatory model that were estimated were as follows: k mad p, which determine the time course of cq (t), etz(t), w(t), and 0(t) 
(a unique k and p value for all four functions); alb, °-2b, Wb, 0b = ~b, A°- I ,  A ~ 2 ,  AW, and A0, which determine the values of eq (t), az(t), w(t), and 0(t) in 
the basal and insulin-stimulated steady state; and the 39 elements of the vector e and the 40 elements of the glucose production vector. 

Model simulation and parameter estimation were performed with MatLab 34 on a VAX 4000/500 computer. Parameters were estimated with 
nonlinear weighted least squares, using a Levenberg-Marquardt minimization algorithm. Tracer data were analyzed first. The constant parameters in 
the basal steady state (~ab,  O~2b, Wb, and ~b) were estimated in a first analysis using the basal data (from - 1 5 0  to 0 minutes). The time-varying 
parameters in the non-steady state (k, la,Aeq, 2xe~2, 2xw, 40, and E 1 . . . ~-39) were obtained in a second analysis using the data from 0 to 390 minutes and 
the steady-state parameters estimated in the first analysis. 

Estimation of the 39 elements ek required constraints to avoid spurious oscillations of e(t), as in deconvolution problems. Minimizing the sum of the 
weighted squared model residuals (observed minus model-predicted tracer concentration) using ordinary least squares would produce large 
fluctuations of e(t) and data overfitting. Thus, the sum of the weighted squared model residuals plus the sum of the squared elements ~k multiplied by a 
weighting factor was minimized instead. As this weighting factor is increased from zero, the spurious oscillations of ~(t) disappear and ~(t) tends to its 
regular component (Ok, Eqs A9 to A10). The weighting factor was adjusted to make the model residuals unbiased and close, on average, to the 
expected measurement error. 

After ali of the model parameters were determined from the tracer, the component of glucose concentration at each sampling point due to the 
exogenous infusion of unlabeled glucose was calculated using the model. These glucose values were subtracted from the measured glucose 
concentrations, obtaining the concentration component due to endogenous production. Glucose production was estimated from this concentration 
component with a deconvolution-iike approach. 

Estimation of the 40 elements of glucose production (Pb, P~ • • • P39) required constraints, and a procedure analogous to that used for ~(t) was 
followed. Glucose production was estimated by minimizing the sum of the weighted squared model residuals (observed minus model-predicted 
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endogenous tracee concentration) plus the sum of the squared elements of the second derivative of glucose production (calculated by finite 
differences) multiplied by a weighting factor. As this weighting factor is increased from zero, the spurious oscillations of glucose production disappear 
and glucose production tends toward a linear function of time. The weighting factor was adjusted to make the model residuals unbiased and close, on 
average, to the expected measurement error. 
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