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Abstract

Background:
We investigated the influence of parenteral glucose infusion on insulin-driven tight glucose control 
(4.4–6.1 mmol/liter) in the critically ill by appraising kinetic characteristics of the glucoregulatory system.

Methods:
Turnover characteristics of the glucoregulatory system associated with constant 0, 1.2, and 2.4 mg/kg/min 
parenteral glucose infusion were obtained by literature review and mass-balance calculations.

Results:
Without parenteral glucose infusion, the achievement of tight glucose control is hampered by long time delays 
with an anticipated glucose equilibration half-time (T½) of 185 min. The constant parenteral glucose infusions of  
1.2 and 2.4 mg/kg/min reduce T½ to 80 and 40 min, respectively. This follows on from the accelerated glucose  
turnover brought about by the insulin-modulated glucose uptake, which increases in response to increasing 
exogenous insulin required to achieve tight glucose control. However, large variations exist among glucose  
turnover characteristics in the critically ill.

Conclusions:
The constant parenteral glucose infusion greater or equal to 2.4 mg/kg/min is expected to simplify the 
achievement of tight glucose control by reducing system delays and may facilitate the development of more  
intuitive, efficacious, and safer insulin-titration guidelines.
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Introduction

Since the landmark study by Van den Berghe and 
colleagues,1 tight glucose control is becoming a benchmark 
for the treatment of critical illness, particularly in 
postsurgical patients. Evidence is growing about the 
beneficial effect of tight glucose control on mortality 
and morbidity.2–4 New insulin-titration guidelines and 
algorithms have been developed to achieve tight glucose 
control while minimizing nurse workload.5–10

From a practical viewpoint, the achievement of safe and 
tight glucose control is intricate and potentially labor-
intensive. A recent systematic review of insulin-titration 
algorithms in the critically ill concluded (i) that insulin 
should be delivered as an infusion rather than as a 
bolus and (ii) that two successive glucose measurements 
should be used to determine the insulin infusion rate.11 
Beyond that, no further unifying guidelines have been 
put forward. The large intersubject variability of and the 
drug- and disease-induced temporal variations in insulin 
resistance complicate glucose control and increase the risk 
of hypoglycemia, which is arguably the limiting factor 
of tight glucose control in the critically ill.12 As a result, 
achievement of safe tight glucose control may require 
frequent glucose measurements.

In health, numerous glucoregulatory mechanisms operate, 
with insulin being the most potent agent. Glucose control 
is achieved through two primary mechanisms: insulin 
action and mass effect of glucose on its own disposal. 
Insulin suppresses endogenous glucose production (EGP) 
and stimulates glucose uptake (Rd), effectively lowering 
the plasma glucose concentration. The insulin action is not 
instantaneous. Insulin needs to reach target cells, to bind to 
the insulin receptor, and to facilitate the recruitment of 
glucose transporters.13 The half-time of the insulin action 
is at least 25 min,14 i.e., it takes at least 25 min to achieve 
the half-maximum effect of insulin on glucose lowering. 

When disturbed from its equilibrium, plasma glucose 
returns to equilibrium, with all other metabolic variables 
being unchanged. This metabolic process is referred to as 
the mass effect of glucose on its own disposal or glucose 
effectiveness. Delays are also associated with glucose 
effectiveness, i.e., the return is not instantaneous and has  
a half-time of at least 30 min. 

The term “slow process dynamics” is more appropriate to 
describe the slow glucose response to changes in insulin 

infusion, but for the sake of intuitive understanding we use 
mostly the term “time delay” throughout the text. 

Nutritional advice for the critically ill has extensively 
considered energy and metabolic aspects.15,16 Furthermore, 
investigations demonstrated that lower caloric input is 
associated with lower glycemia but without attempting 
to achieve tight glucose control.17–19 The latter observation 
reflects that traditional sliding scale insulin-titration 
protocols lack the ability to cope with the wide-ranging 
and time-varying insulin needs, which are exacerbated at 
high parenteral infusion rates. However, little is known 
about the association between parenteral glucose and 
tight glucose control.

In principle, parenteral glucose infusion could simplify 
glucose control by (i) reducing the delays associated with 
glucose kinetics, i.e., the equilibration time; (ii) reducing  
the proportion of the insulin appearance as a consequence 
of the endogenous component; and (iii) reducing the 
proportion of glucose fluxes due to endogenous origin, 
i.e., the EGP and Rd, versus glucose fluxes due to the 
exogenous origin, i.e., the parenteral glucose infusion.  
The first effect reduces the time delay of the glucoregulatory 
system, accelerating its time response, whereas the other 
two effects reduce unknown endogenous fluxes, reducing 
the overall system uncertainty.

Long time delays complicate control. In general, the 
longer the delays, the longer it takes to determine the 
insulin dose needed to achieve and maintain tight glucose  
control. The present study investigates system delays using 
published data to appraise the characteristics of the gluco-
regulatory system under the condition of critical illness. 
Calculations have been carried out to investigate the 
effect of no glucose infusion, a medium glucose infusion 
of 1.2 mg/kg/min, and a medium glucose infusion 
of 2.4 mg/kg/min. The low infusion rate represents a 
realistic nonprotein caloric intake of 6.6 kcal/kg per day. 
The medium infusion rate is about half of the caloric 
nonprotein intake adopted by Van den Berghe et al.1

For the sake of brevity, “median” values are reported, 
although critical illness is associated with a large 
variability in insulin needs and glucose turnover rates. 
The analysis on “median” values provides important  
information for insulin treatment on a population basis but 
considerations need to be given to individual cases. 
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Materials and Methods
The exogenous insulin infusion to achieve normoglycemia 
at the various levels of the parenteral infusion and the 
resulting plasma insulin concentration in critically ill  
were obtained by a literature review of nondiabetic subjects  
and subjects with type 2 diabetes. The endogenous insulin 
secretion was calculated assuming a 0.24-mU/kg/min basal 
insulin secretion suppressed to 30% by the exogenous 
insulin.8,20

The steady-state conditions were assumed to relate the  
EGP, noninsulin-mediated glucose uptake (NIMGU), 
insulin-mediated glucose uptake (IMGU), and total glucose 
uptake. The EGP, Rd, and NIMGU were obtained from 
published studies.20–22 In steady-state conditions, it follows that 

IMGU = Rd - NIMGU

The metabolic clearance rate (MCR) of glucose was 
calculated as

MCR = Rd/G

where G is the glucose target for tight glucose control 
(5.5 mmol/liter). The generic formula for the calculation  
of the equilibration half-time (T½) is23 

T½ = ln(2)/[F/G/VG]

where F represents the flux of glucose, which increases 
proportionally with an increasing glucose concentration, 
and VG is the glucose distribution volume at 150 ml/kg.24 
The T½ represents the time it takes to halve the difference 
between an ambient glucose level and the equilibrium 
glucose level.

The flux F is difficult to quantify. It lies between the IMGU 
and the Rd given that a part or most of the NIMGU is 
constant because of the saturation of GLUT-3 glucose 
transporters, which facilitate glucose transport across 
insulin-insensitive tissue such as the brain.13 At a given 
plasma insulin concentration, we assume that all IMGU 
is proportionally related to the ambient glucose level, as 
glucose transport in insulin-sensitive tissues, such as the 
muscle and adipocytes, is facilitated by GLUT-4, which 
are not saturated at normoglycemia.25

The calculation of the half-time depends on the inclusion  
of glucose fluxes engaging in the mass effect of glucose 
on its own disposal, so-called glucose effectiveness.26 The 

“optimistic” half-time (T½-optimistic) assumes that both IMGU 
and NIMGU participate in glucose effectiveness, whereas  
the “pessimistic” half-time (T½-pessimistic) assumes that only 

the IMGU participates in glucose effectiveness. As glucose 
effectiveness is difficult to measure experimentally and no 
estimate is currently available for the critically ill except 
at insulin concentrations of 180 mU/l,27 the geometric 
mean (T½-mean) of optimistic and pessimistic half-times is  
a reasonable estimate of the true glucose effectiveness as 
transfer rates have generally a log-normal distribution.

The American College of Chest Physicians (ACCP) 
recommendation for total caloric intake is 25 kcal/kg per 
day with 30 to 70% given as glucose.28 This leads to a 
glucose infusion rate of 2.8 to 6.6 mg/kg/min. Krishnan 
and colleagues17 showed that about the second tertile 
(33 to 67%) of the ACCP guidelines is associated with 
the lowest mortality risk of death than a higher caloric 
intake. Assuming a 30 to 70% contribution from glucose, 
this implies that the optimum glucose infusion should be 
between 0.9 (33% of 2.8 mg/kg/min) and 4.4 (67% of  
6.6 mg/kg/min). Thus our investigated range of 1.2 to  
2.4 mg/kg/min falls in the bottom half of the optimum 
range as suggested by Krishnan et al.17 

Results 
The glucose and insulin turnover characteristics  
associated with 0, 1.2, and 2.4 mg/kg/min parenteral 
glucose infusion are shown in Table 1. While a 
considerable intersubject variability is associated with 
turnover characteristics in the critically ill, Table 1 is 
useful in providing typical (median) values, which are, in 
general, well separated by the three parenteral glucose 
infusion rates.

The first two lines of Table 1 show the required  
exogenous insulin infusion and the associated endogenous 
secretion to achieve the target glucose range defined 
as 4.4–6.1mmol/liter.1 Underlying insulin resistance is 
assumed, i.e., glucose >6.1 mmol/liter without exogenous 
glucose and insulin. The third line shows a split between 
exogenous and endogenous insulin demonstrating the 
dominance of exogenous insulin at the three glucose 
infusion rates due to the suppressive effect of exogenous 
insulin on endogenous insulin secretion.29 The resulting 
plasma insulin concentration is shown facilitating the 
selection of the EGP and the Rd from tracer studies 
involving glucose clamps and other relevant experimental 
protocols.20–22 Without parenteral glucose infusion, the 
EGP is suppressed by the exogenous insulin to values 
observed in healthy subjects during fasting conditions.20,21 
At the low parenteral glucose infusion rate, the EGP 
suppression attains its maximum.20,21



360

Parenteral Glucose and Glucose Control in the Critically Ill: A Kinetic Appraisal Hovorka

www.journalofdst.orgJ Diabetes Sci Technol  Vol 1, Issue 3, May 2007

In agreement with data observed in healthy subjects,25 
the NIMGU dominates in the critically ill in the absence 
of parenteral glucose infusion.22 With increasing plasma 
insulin concentration, insulin resistance is overcome 
and glucose uptake by the muscle tissues increases. The 
IMGU exceeds the NIMGU at the medium parenteral 
glucose infusion. The next three rows in Table 1 show  
the split between EGP and parenteral glucose infusion, 
the split between endogenous and exogenous glucose 
appearance rates, and the split between IMGU and 
NIMGU, respectively. 

The MCR of glucose is shown in the next row of Table 1.  
It increases twofold at medium parenteral glucose infusion 
compared to that observed without parenteral glucose 
infusion. The last three rows show half-times associated 
with the glucose system. Figure 1 shows equilibration 
curves for the geometric means T½-mean demonstrating the 
time it takes to reach the target level starting 2 mmol/liter 
(18 mg/dl) below and 2 mmol/liter (18 mg/dl) above the 
target glucose level, respectively. The plot assumes that

Figure 1. Glucose equilibration curves. Anticipated glucose concentration 
profiles associated with 0, 1.2, and 2.4 mg/kg/min parenteral glucose 
infusion demonstrating the achievement of the target glucose level  
(T; dotted line) with an initial offset by 2 mmol/liter below (the bottom 
three curves) and 2 mmol/liter above the target. See text for details on 
kinetic parameters.

Table 1. Effect of Parenteral Infusion on Glucose and Insulin Indices during Tight Glucose Controla

Parenteral glucose infusion Reference/
formulaeNone 1.2mg/kg/min 2.4mg/kg/min

Exogenous insulin infusion (mU/kg/min) 0.35 0.70 1.20 8,20

Endogenous insulin secretion (mU/kg/min) 0.08b 0.07 0.08 29

Endogenous:exogenous insulin (% of total 
insulin appearance)

10:80 10:90 5:95

Plasma insulin (mU/liter) 30 55 85 20,21

EGPc (μmol/min/kg) 10 6 6 20,21

Rd (μmol/min/kg) 10 13 19 20,21

NIMGUd (μmol/min/kg) 9 9 9 22

IMGUe (μmol/min/kg) 1 4 10 Rd — NIMGU

EGP:parenteral infusion 
(% of total glucose appearance)

100:0 50:50 30:70

Endo:Exo fluxes (% of glucose appearance 
and disappearance fluxes)

100:0 75:25 65:35 (EGP+Rd): (parenteral infusion)

IMGU:NIMGU (% of Rd) 10:90 30:70 55:45

MCRf (ml/kg/min) 1.8 2.4 3.5 Rd/5.5

T½-optimistic (min) 60 45 30 ln(2)/[MCR/VG
g]

T½-pessimistic (min) 570 140 60 ln(2)/[IDGD/5.5/VG
g]

T½ -mean (min) 185 80 40 exp[ln(T½-optimistic)/2 + ln(T½-pessimistic)/2]

aExpected metabolic and turnover quantities associated with parenteral 
glucose infusion of 0, 1.2, and 2.4 mg/kg/min under euglycemic 
conditions in insulin-treated critically ill subjects. Values such as ratios 
were rounded for the sake of readability.

b0.24 mU/kg/min basal secretion suppressed to 30% by exogenous 
insulin.

cEndogenous glucose production.
dNoninsulin-mediated glucose uptake. 
eInsulin-mediated glucose uptake. 
fGlucose metabolic clearance rate assuming glucose concentration 
of 5.5mmol/liter.

gVolume of distribution at 150 ml/kg.
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plasma insulin concentration and parenteral infusion 
remain unchanged throughout.

The plots demonstrate a considerable difference between 
the equilibration times among the three parenteral glucose 
infusion rates and exemplify difficulties associated with 
achieving and maintaining the target glucose level in the 
absence of parenteral glucose infusion as a consequence  
of the slow response of the glucoregulatory system.

Discussion
The kinetic analysis suggests that the administration of 
parenteral glucose infusion may simplify the achievement 
of tight glucose control in the critically ill. The recommended 
parenteral infusion rate is at or above 2.4 mg/kg/min. 
This simplification is obtained by accelerating glucose 
turnover and specifically by reducing the equilibration 
time. This follows on from insulin-modulated glucose 
uptake, which is stimulated by the infusion of exogenous 
insulin. Confirmatory clinical studies are warranted. 

An increased parenteral infusion on its own will not 
facilitate “better” glucose control. A necessary condition is 
that parenteral infusion is not switched on/off or modified 
too often as this will require concomitant modifications 
to the insulin infusion rate, potentially making glucose 
control more difficult unless such a change is part of 
the glucose control protocol.10 Second, suitable titration 
guidelines/algorithms need to be adopted utilizing the 
information about the parenteral infusion in the process. 
Finally, the benefit of a parenteral infusion is diminished 
by fast variations in insulin resistance brought about by a 
rapid administration of insulin resistance-inducing drugs 
such as corticosteroids, fever, infection, and therapeutic 
interventions.

The determination of the appropriate insulin infusion 
rate to maintain normoglycemia is an essential step in 
achieving tight glucose control in the critically ill. Insulin-
titration guidelines are consulted, and experience and 
intuition are adopted to set the insulin infusion rate 
according to the ambient and preceding glucose levels 
as advocated by Meijering et al.11 Results of the present 
kinetic analysis indicate that without a concomitant 
parenteral glucose infusion, this process is confounded 
by a slow system response. It takes 3 h to halve the  
difference between the ambient and the target glucose levels 
with the correct insulin infusion rate (see Figure 1). This 
slow responsiveness is counterintuitive and may lead to 
too aggressive changes in insulin infusion, resulting in 
a greater risk of glucose swings and hypoglycemia. A 
specific example is that associated with the recovery from 

hypoglycemia, which is acted upon by insulin withdrawal, 
followed by a slow glucose recovery, an accelerated raise 
to hyperglycemia, and a slow leveling of glucose in 
response to an increasing insulin infusion rate.

Insulin-titration guidelines are unable to capture fully the 
slow system response. The guidelines need to be simple 
but this is in direct conflict with the kinetic properties 
of the system requiring kinetic calculations of the insulin 
effect over 3 to 6 h. A formal kinetic appreciation is then 
justified such as the use of a model-based control, which 
can account for the slow system response.8 

A similar appraisal of system delays applies to the 
condition associated with changing insulin needs because 
of a change in nutrition or a change in insulin sensitivity. 
The establishment of a new “correct” insulin infusion rate 
is again confounded by a slow response in the absence of 
parenteral glucose infusion. 

Under the condition of the medium parenteral glucose 
infusion of 2.4 mg/kg/min, the glucose responds quickly 
to a change in the insulin infusion rate. This includes 
recovery from hypoglycemia and also normalization 
from hyperglycemia. The insulin-titration guidelines and 
intuitive thinking may even omit the preceding glucose 
level from consideration and utilize solely the ambient 
glucose level. As a result of the fast equilibration time, 
the glucose concentration within 1 h becomes nearly 
independent of its preceding value and provides a direct 
indication of the appropriateness of a given insulin infusion. 
This explains, at least in part, the unparalleled success of 
the Leuven staff to achieve tight glucose control11 using the 
uncommon practice of administering parenteral infusion 
commensurable with the medium parenteral glucose 
infusion rate used in the present analysis. However, it is 
stressed that a training provision for nurses administering 
insulin infusion remains important. The rate is well below the 
higher limit of 4 mg/kg/min suggested by Ahrens et al.19 

to avoid hyperglycemia.

The beneficial effect of parenteral glucose on glucose 
control is less pronounced at the low parenteral infusion 
rate of 1.2 mg/kg/min. The half-time is more than halved 
from 185 to 80 min compared to the situation with zero 
parenteral glucose infusion and thus the delays are still 
reduced substantially. When developing titration guidelines, 
the preceding glucose value should be included as it will 
still influence the ambient glucose value within 1 to 2 h.

A sample simulation study was executed to exemplify the 
effect of parenteral glucose infusion on glucose control. 
The model of glucoregulation used in the simulation study is
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described in the Appendix together with the insulin-
titration algorithm adopted from Kanji et al.30 The simulation 
study lasted over 24 h and assumed up to a 100% trapezoidal 
increase in insulin resistance starting at 6 h, culminating 
between 8 and 12 h, and decreasing to its original value at 
14 h. Plasma glucose and insulin infusion rates associated  
with the simulation study are shown in Figure 2.

With zero parenteral glucose infusion, glucose decreases 
faster from the starting value of 9 mmol/liter as the 
control algorithm delivers the same dose at the three 
levels of the parenteral infusion. At 4 h, a borderline 
hypoglycemia occurs with the zero parenteral glucose 
infusion. Insulin resistance induces glucose oscillations 
at all levels of the parenteral infusion, but the amplitude 
with the zero parenteral infusion is greatest and the 

oscillations are damped only slowly, whereas damping is 
greater and the achievement of the target level is faster 
with the low and medium parenteral infusions, with the 
medium parenteral infusion performing better at the 
end of the study. The insulin infusion rates displayed in 
Figure 2 (bottom) demonstrate that the most and the least 
oscillatory insulin patterns are associated with the zero 
and the median parenteral glucose infusion, respectively, 
demonstrating that a slow equilibrium time exacerbates 
amplitude of glucose oscillations. 

The beneficial effect of the parenteral glucose infusion 
on glucose control needs to be considered in light of  
other evidence and suggestions related to the nutritional 
provision in the critically ill.15,16 Human errors may lead to 
severe hypoglycemia if a high parenteral glucose infusion 
is accidentally interrupted but exogenous insulin is not 
reduced. Furthermore, the exogenous insulin infusion 
associated with a medium parenteral glucose infusion 
may regularly exceed 10 U/h, an arbitrary threshold set  
by some intensive care units.5 In subjects with high insulin 
resistance, normally associated with severity of critical 
illness,31,32 the insulin titration needs to be sufficiently 
aggressive to achieve tight glucose control, avoiding 
hyperglycemia as observed in studies with traditional 
sliding-scale algorithms.17–19 

The other two factors potentially leading to simplified 
glucose control during the parenteral glucose infusion 
have a negligible effect. The endogenous insulin secretion 
is expected to be already insignificant at the zero 
parenteral glucose infusion (see Table 1). No further benefit 
is obtained by further reducing the contribution of this 
unknown but small component to the overall insulin 
appearance. The contribution of unknown (i.e., of 
endogenous origin) glucose fluxes reduces from 100% 
with zero parenteral glucose infusion to 65% with 
medium parenteral glucose infusion (see Table 1). The  
contribution of unknown glucose fluxes is still high, and 
drug- or disease-induced changes in insulin sensitivity 
will have a similar impact on glucose excursions with or 
without parenteral glucose infusion.

The half-times reported in Table 1 are estimates based 
on the involvement of insulin-mediated and noninsulin-
mediated glucose uptake in the ability of glucose to 
promote its own disposal. The value of 185 min during 
zero parenteral glucose infusion compares well with that 
of 145 min obtained as a geometric mean of six subjects 
with type 1 diabetes during basal insulin infusion.33 As 
critically ill subjects are more insulin resistant than subjects 
with type 1 diabetes, it is likely that the equilibration 
time is also reduced. On the other side of the spectrum,

Figure 2. Simulation study exemplifying the effect of parenteral 
glucose infusion on glucose control. The model and the insulin-titration 
algorithm are described in the Appendix. (Top) Glucose concentration 
associated with 0, 1.2, and 2.4 mg/kg/min parenteral glucose infusion; 
the horizontal dashed line indicates the target glucose range of 4.4 to 
6.1 mmol/liter, and the trapezoid above the time axis indicates the 
shape of insulin resistance, which increased up to 100%. (Bottom) 
Insulin infusion rates as calculated by the insulin-titration algorithm.
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a T½ of 25 min can be deduced from results reported in 
glucose clamp studies in subjects with sepsis involving 
a glucose infusion of 3.8 mg/kg/min and an associated 
plasma insulin concentration of 180 mU/liter,27 confirming 
the fast equilibration time at a medium parenteral glucose 
infusion.

A large intersubject variability in insulin resistance exists 
with insulin needs reaching up to 7 mU/kg/min in the 
critically ill with severe inflammation. Results of the 
present study are valid across the spectrum of insulin 
resistance as long as the relative contribution of the IMGU 
and the NIMGU to the total glucose uptake is unchanged. 
At present, there is no evidence that insulin resistance in  
the critically ill increases the contribution of the IMGU 
under the conditions of tight glucose control. 

In addition to insulin-titration algorithms, glucose 
control can be comodulated by nutrition, specifically by 
parenteral glucose.10,34 Ahmed and colleagues35 indicated 
that modulation of nutrition is a first-choice method for 
treating hyperglycemia in neonates. The present work 
relates primarily to insulin-titration algorithms without 
comodulation of nutrition. 

The considerable intersubject variability in insulin needs, 
glucose turnover rates, and thus the equilibration half-
time and equilibration curves is not depicted in the 
present work as the focus is on kinetic appraisal of the 
median kinetic behavior. However, in practice, large 
variations among subjects exist and may confound the 
results expected from the present analysis.

Results of the present assessment apply to enteral infusion  
as the beneficial effect on glucose control is brought 
about by elevated plasma insulin concentration increasing 
glucose turnover and specifically the IMGU. The caveat of 
enteral nutrition is that the bioavailability of enteral 
nutrients may vary over time, causing an uncertainty 
about the amount of exogenous glucose reaching systemic 
circulation. However, under the condition of stable bio-
availability, enteral nutrition will also have a beneficial 
effect on the achievement and maintenance of glucose control. 

Conclusions
A parenteral glucose infusion at or above 2.4 mg/kg/min  
is suggested to exert a beneficial effect on the achievement 
of tight glucose control by increasing responsiveness of the 
glucoregulatory system to exogenous insulin, facilitating 
the development of more intuitive and simpler insulin-
titration guidelines. Fewer benefits are anticipated with a 
lower glucose parenteral infusion rate of 1.2 mg/kg/min.

Appendix

Glucoregulatory Model with Time-Variant Insulin 
Sensitivity
For the simulation study, we used a model of 
glucoregulation based on the minimal model of glucose 
kinetics36 and described by a set of differential equations

where G(t) represents the plasma glucose concentration 
(mmol/liter), X(t) remote (active) insulin (/min), Gb basal 
glucose (mmol/liter), I(t) plasma insulin concentration  
(mU/liter), and Ib(t) time-varying plasma insulin concentration 
at which glucose attains its basal value Gb (mU/liter). p1 is 
glucose effectiveness (/min) at basal insulin Ib,0 (mU/liter), 
SI(t) is time-varying insulin sensitivity (/min per mU/liter), 
SI,0 is basal insulin sensitivity (/min per mU/liter),  
uG is parenteral glucose infusion (mmol/kg/min), V is 
the distribution volume of glucose (liter/kg), and p2 is the 
fractional deactivation rate of the remote insulin (/min). 

 

Plasma insulin I(t) is calculated from the insulin infusion 
rate uI(t) (U/h) as

where W is subject’s weight (kg) and MCRI is the metabolic 
clearance rate of insulin (liter/kg/min). We did not use 
a differential equation to describe the kinetics of plasma 
insulin as the half-time of insulin disappearance clearance 
from plasma is short (about 5–7 min37); consequently, 
plasma insulin achieves its steady state value quickly, 
corresponding to a given constant intravenous insulin 
infusion. The time-varying insulin needs are implemented 
by modifying insulin sensitivity and, reciprocally, basal 
insulin concentration

where m(t) is a trapezoidal-shape function (unitless)
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The glucose effectiveness p1 is calculated from the 
equilibration half-time T½-mean, reported in Table 1, as 
p1 = ln(2)/T½-mean, giving 0.37, 0.87, and 1.73 × 10-2/min for 
parenteral glucose infusions of 0, 1.2, and 2.4 mg/kg/min, 
respectively. Values of other model quantities are shown 
in Table 2.

Table 2.  
Model Quantities Associated with Testing the Effect 
of Parenteral Glucose Infusion on Glucose Control in 
a Sample Simulation Study (See Appendix for Details 
on the Model)

Model quantity Value

p2 (/min) 0.03

G0 (mmol/liter) 9.0

Gb (mmol/liter) 5.3

Ib,0 (mU/liter) 30

Si,0 (10-4 /min per mU/liter) 3.14

V (liter/kg) 0.16

W (kg) 70

MCRI (liter/kg/min) 0.0143

Table 3.
Insulin-Titration Algorithm, Adopted from Kanji 
et al,30 and Used in the Simulation Studya

Plasma 
glucose 

(mmol/liter)
Insulin infusion adjustment

<4
Stop insulin infusion. Check plasma glucose every 
30 min. When glucose >6.1 mmol/liter, restart 
insulin at 50% of the previous rate

4–4.4
If current rate >5 U/h, decrease rate by 2 U/h
If current rate ≤5 U/h, decrease rate by 0.5 U/h

4.5–6 Target range (no change)

6.1–8

If plasma glucose is lower than the last test, no 
change
If plasma is the same or higher than the previous 
test, increase rate by 0.5 U/h

8.1–10

If plasma glucose is lower than the last test, no 
change
If plasma is the same or higher than the previous 
test, increase rate by 1 U/h

>10.1

If plasma glucose is lower than the last test, no 
change
If plasma is the same or higher than the previous 
test, increase rate by 1.5 U/h

aHourly glucose samples are taken unless specified otherwise.

Insulin-Titration Algorithm
The insulin-titration algorithm was adopted from a study 
by Kanji and colleagues30 and is summarized in Table 3.
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