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Review Article

Many people with type 1 diabetes use both a continuous sub-
cutaneous (SC) glucose monitor and a pump that delivers 
insulin subcutaneously. However, for concurrent use of both 
devices, there is currently a need for 2 skin punctures. Due to 
this inconvenience, there is interest in the development of a 
single catheter that would serve both purposes. Another rea-
son for interest in a dual use device is the development of 
closed loop systems (currently not FDA cleared for general 
use) that require the concurrent use of a continuous glucose 
monitor and continuous hormone delivery.1-8

Many patients find that wearing a transcutaneous device 
leads to concern about possible dislodgement, especially 
during rapid motions. The need for multiple devices often 
impairs freedom of movement and can lead to a general 
sense of frustration. In addition, bacterial colonization and 
infection at insertion sites is always a concern,9 and such a 
risk is proportional to the number of puncture wound sites.

For these reasons, several research groups have investi-
gated the use of a single catheter that allows both glucose 
sensing and insulin delivery, or the use of 2 such devices in 
close proximity. The primary purpose of this article is to 
review the scientific theory and literature that address the 
concept of sensing glucose at or near the site of insulin 
delivery.

Can Glucose Be Measured Accurately At or Near 
the Site of SC Insulin Infusion?

Insulin regulates glucose transporters in fat and muscle cells 
and promotes uptake of glucose into these cells.10,11 Thus, 
one might expect that glucose could not be measured accu-
rately at the site of SC insulin delivery. In 2008, Hermanides 
et al12 addressed this issue in humans who were using con-
tinuous SC insulin infusion. Each subject had 2 microdialy-
sis sensors, one very close (9 mm) to the insulin delivery 
catheter and one much farther away. Blood glucose was 
raised and lowered during the experiments. Interestingly, 
this group found that the results for the near and far sensors 
were nearly identical. There was a trend for the delay of near 
sensors to be greater than far sensors, though this difference 
did not reach statistical significance. Calibrated data for near 
and far sensors in each of the 10 subjects showed that sensor 
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measurement error (mean absolute relative difference, 
MARD) values were similar, typically 8-10%.12 The authors 
concluded that continuous glucose monitoring (CGM) by 
microdialysis can be accurately performed at a mean dis-
tance of 9 mm from an insulin infusion catheter in the nor-
moglycemic and hyperglycemic ranges.

Shortly thereafter, Lindpointner et al13 addressed the 
same general question. Microdialysis catheters were 
inserted into normal volunteers who underwent euglycemic 
clamp experiments. Insulin was delivered through the cath-
eters at 3 different rates, before and after which the cathe-
ters were perfused with an insulin-free solution. After 
beginning insulin delivery, the ratio of tissue glucose to 
plasma glucose (TPGR) began to decline, consistent with a 
local insulin effect. However, the reduction was small (15-
20%) and it remained constant at this level after the 1 hour 
equilibration phase until insulin was stopped. Interestingly, 
the degree of reduction in TPGR was the same for all 3 
insulin infusion rates. One explanation of this latter result is 
that when local concentration of insulin rises to very high 
levels, uptake of glucose into local adipocytes becomes 
maximal (saturated).13

In a second study from the same group, insulin delivery 
was periodically interrupted to extract interstitial fluid (ISF) 
from a SC catheter and to measure glucose. Using this 
method, the ISF glucose levels were quite similar to those 
obtained from blood, suggesting that delivery of insulin at 
the glucose sampling site did not lead to systematic error.14

In a very recent study, Hajnsek et al15 also studied a cath-
eter designed both for insulin delivery and for continuous 
measurement of glucose in SC tissue. The sensing chemistry 
included a glucose oxidase-bound layer of a luminescent 
dye. A reference oxygen sensor was included to compensate 
for fluctuations in tissue oxygen tension. In pigs, by optically 
interrogating the dye, they did not find major differences in 
glucose measurement accuracy among sites near insulin 
delivery, sites near saline delivery, and sites without a nearby 
infusion. More specifically, the median absolute relative 
errors averaged 22%, 18%, and 19% for these 3 groups. 
Mean absolute relative errors, which typically are greater 
than median values, were not reported; the degree of error for 
the 3 conditions was higher than with other previously pub-
lished methods.15

We are aware of only 1 study that evaluated how the prox-
imity of the insulin injection site relative to nondialysis 
amperometric sensors influenced local glucose levels. In this 
study, Rodriguez et al compared the effect of sensors placed 
as close as 5 mm to insulin injection sites (“near sensors”) to 
sensors at greater distances (“far sensors”). In terms of the 
response time for the hypoglycemic effect, no significant dif-
ferences were found. In terms of the percentage decline in 
measured glucose for near versus far sensors, there was a 
lesser decline in near sensors located 0.5 and 3 cm from the 
insulin injection site but not in the 2 near sensors at 1 and  
2 cm from the site. These results are difficult to explain. 
Clearly, there is no evidence of a greater decline in sensors 

near the site of an insulin injection (which is what one would 
expect if there were local stimulation of glucose uptake by 
fat cells).16 The limitations of this study included failure to 
provide calibrated data and the use of highly diluted insulin 
(10 units per ml), the purpose of which was to allow more 
accurate dosing. Due to the great dilution of the insulin, it 
may not be possible to extrapolate results from this study to 
standard insulin concentrations (100 units per ml).

A team from Medtronic has developed a glucose sensor 
and insulin delivery port situated on the same platform and in 
close mutual proximity (11 mm). Pump users with type 1 
diabetes wore this Combo-Set in 1 location and a standard 
amperometric sensor without nearby insulin delivery in 
another location. The accuracy of the Combo-Set (97% of 
values in Clarke A + B) and the standard sensor (93%) were 
very similar, and the postprandial insulin kinetics related to 
the Combo-Set were typical of standard insulin kinetics.17

For a tabular summary of published articles on this gen-
eral topic, see Table 1.

Possible Reasons for a Smaller Than Expected 
Effect of Local Insulin on Glucose Uptake

Given its very high local concentration in SC fat, one might 
expect a very large effect of SC-delivered insulin to mark-
edly lower the local concentration of glucose. In support of 
this notion, manufacturers of glucose sensors typically state 
that users should locate a sensor at least 2 inches away from 
the site of insulin infusion.18 Nonetheless, in the reports men-
tioned above, such an effect was small. What are possible 
reasons that could explain such an effect?

Possible Reason 1: Maximal Glucose Uptake Into Human Adipo-
cytes Is Low. Despite a substantial fat mass in most humans, 
most of our glucose is taken up into muscle tissue.19 At one 
time, based on rodent studies, it was thought that uptake of 
glucose into adipocytes was brisk in all mammals. However, 
a recent report found that glucose uptake in rodents is not 
typical of human physiology. Using photolabeling, Kozka et 
al found that the maximal uptake rate of a glucose mimic 
(3-O-methyl-D-glucose) was 15-fold lower in human adipo-
cytes than in rat adipocytes. They determined that the cause 
of such a disparity was the much greater abundance of 
GLUT4 transporters in rodent adipocytes.20 Even if injected 
insulin exerts a local effect before it is absorbed into blood, 
that effect may well be very small.

Several groups have investigated the magnitude of insu-
lin-induced glucose uptake in fat and muscle. A report from 
Bjorntorp et al from the 1970s found that adipose tissue was 
responsible for less than 1% of glucose uptake in hyperinsu-
linemic nondiabetic humans.21 The magnitude of glucose 
uptake into muscle tissue is far greater. Several groups have 
used direct muscle perfusion to quantify glucose uptake into 
muscle during hyperinsulinemic euglycemic glucose clamps. 
For example, DeFronzo et al found that glucose uptake by 
muscle was about 75 times greater than estimates of uptake 
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into fat taken from the literature.22,23 In view of these quanti-
tative studies, it is not surprising that recent studies found 
little perturbation of local glucose concentrations during SC 
insulin delivery.

Possible Reason 2: Absorption Into Circulating Blood Might Suc-
cessfully Compete Against a Local Insulin Effect. After its injec-
tion into the SC space, the tissue diameter of a substantial 
insulin bolus is roughly 5-10 mm in diameter, as found by 
Trajanoski et al24 and Linde and Philip.25 However, the 
details of the fate of injected insulin are more complex, as 
reviewed by Trajanoski et al24 and Wilinska et al.26 The Wil-
inska et al study found that inclusion of a local SC degrada-
tion element (suggesting local action and uptake into 
adipocytes) improved the fit of their insulin absorption 
model. Nonetheless, their estimate of the magnitude of local 
degradation was quite small, about 2 mU of insulin per min-
ute. We believe that the most likely cause of local insulin 
degradation is a result of its physiologic insulin action. After 
binding, the ligand-insulin receptor complex is internalized, 
then degraded in an acid environment of endosomes.27 
Although some of the insulin is taken up in this manner, we 
believe that the weight of evidence favors direct absorption 
of injected insulin into capillaries, after the slow process dur-
ing which insulin hexamers dissociate into monomers and 
dimers.28 Systemic absorption will thus prevent the local 
direct effect of insulin on adipocytes. In fact, there are 2 
investigations that found local insulin degradation to be 
almost zero,29,30 in contrast to the Wilinska et al report. Cap-
illary blood flow to human adipose tissue is large (3-5 ml per 
100 g of tissue per minute), which is 2- to 3-fold higher than 
in muscle tissue.31 When monomers and dimers are finally 
made available as the hexamers degrade, this large degree of 

flow might well be expected to allow rapid absorption into 
plasma rather than the competing effect, exertion of a direct 
local effect on adipocytes.

Possible Reason 3: At High Concentrations, the Effect of Insulin 
(per Unit) Is Probably Much Less Than at Low Concentra-
tions. DeMeyts et al discovered that when insulin-responsive 
cells were exposed to very high concentrations of insulin, 
their response per unit of insulin immediately fell to very low 
levels.32 He called this phenomenon negative cooperativity, 
and it was later verified by Olefsky et al33 and by Arner et 
al.34 When local insulin concentrations are very high, there 
appears to be some degree of inherent protection against high 
glucose uptake. However, in contrast to the effects of large 
doses of some hormones originating from the pituitary and 
hypothalamus,35 there is no evidence that this effect of insu-
lin overtly blocks hormone action. Instead, it means that the 
incremental increase in insulin effect, as concentration 
increases, is less at high versus low concentrations. Thus, by 
itself, this concept is unlikely to account for a very low action 
of insulin at the site of injection, but could very well be a 
contributory factor. Interestingly, this effect is essentially 
never operative during normal physiology; it is only during 
artificial circumstances such as injection into fat tissue that 
this effect becomes important.

Other Relevant Concepts

Dilution of Glucose by Local Insulin Delivery

In addition to its physiologic effect, it is quite possible that 
insulin affects local glucose concentration by diluting the 
ISF. For this reason, in terms of experimental design, it is 

Table 1. A Summary of Key Publications and Findings With Regard to Continuous Glucose Measurement at or Near the Site of Insulin 
Delivery.

Key publication, 
year Subjects, species Glucose level Insulin delivery

Distance insulin, 
sensor Method Observation

Hermanides et al,12 
2008

N = 10, humans Euglycemic, 
hyperglycemic

Bolus and infusion 9 mm Microdialysis Near and far 
sensors show 
identical readings

Lindpointner et al,13 
2010

N = 5, humans Euglycemic Infusion Co-localized Microdialysis, 
microperfusion

15-20% drop in 
interstitial glucose 
during insulin

Rodriguez et al,16 
2011

N = 10, minipigs Euglycemic, 
hypoglycemic

Bolus 5-30 mm Amperometric Glucose decline was 
not greater in near 
vs far sensors

Hajnsek et al,15 
2013

N not given, pigs Hypoglycemic, 
hyperglycemic

Infusion Co-localized Glucose oxidase 
luminescence 
(optical)

Sensor accuracy not 
adversely affected 
by insulin delivery

Regittnig et al,14 
2013

N = 13, humans Euglycemic, 
hyperglycemic

Infusion Co-localized (but 
asynchronous 
measurement)

ISF withdrawal Sensor accuracy not 
adversely affected 
by insulin delivery

O’Neal et al 
(Medtronic),17 
2013

N = 10, humans Euglycemic, 
hyperglycemic

Bolus and infusion 11 mm Amperometric Sensor accuracy not 
adversely affected 
by insulin delivery
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important to include a control during which a non-insulin-
containing fluid is infused locally in a volume equal to that 
of insulin. Given the fact that many of the reports cited above 
did not have such controls, it is difficult to report with cer-
tainty the effect of dilution. An article from Lindpointner et 
al13 suggested that the effect of an insulin infusion to dilute 
the local ISF was minimal given their finding of no effect of 
insulin infusion on catheter recovery (exchange efficiency). 
In another article from the same group, it was determined 
that there was some dilution of glucose during insulin boluses 
but not during basal delivery.36 To the extent that there is a 
degree of interstitial dilution from the insulin, it is quite 
likely that this glucose-lowering effect is transient. An insu-
lin bolus is diluted rapidly as it spreads through the SC space. 
The further it diffuses away from the sensing elements and 
the more rapid its absorption into the circulation, the less 
effect it will have to dilute local glucose concentrations.

To the degree that there is a transient local effect of insu-
lin delivery to perturb glucose measurement, there may be a 
short period of time after an insulin injection during which 
glucose measurements would be falsely low. If this dilution 
effect can be precisely defined, it is likely that a model could 
account for this effect and minimize the error. Even without 
such a correction, errors during this time frame are unlikely 
to be dangerous. In the event that a bolus is not followed by 
an anticipated meal, one can at least take comfort that falsely 
low glucose readings in the postbolus period would not lead 
to overdelivery of insulin.

Systemic Insulin Effects Might Contribute to 
Reduction in Local Glucose Concentration

As noted above, scientists from Graz reported that after the 
onset of insulin delivery, interstitial glucose underwent a 
small decline compared to blood glucose. Their data analysis 
found that the kinetics of the decline were more consistent 
with a local effect (rapid decline) than with a systemic effect 
(slower decline) of insulin.13 However, a number of studies 
found that the ratio of interstitial to blood glucose is also 
affected by systemic insulin levels, raising the question of 
whether systemic effects of insulin could contribute to 
declines in local interstitial glucose concentration when insu-
lin is given locally by the SC route. The earliest report of 
which we are aware found that in humans, SC interstitial glu-
cose (as measured by a sensor) was lower when glucose was 
falling compared to when it was rising. This phenomenon led 
to a shorter delay of sensor glucose (behind blood glucose) 
when glucose was falling versus rising. Since falling glucose 
levels are associated with high systemic insulin levels, this 
finding suggested that high insulin levels reduced interstitial 
glucose to a greater extent than blood glucose.37 Shortly after 
this report, a similar finding was reported in animals by 
Thome-Duret et al.38 This French group hypothesized that, 
during the high insulin effect, the decline in plasma glucose 
results from glucose transport from the ISF into cells (the 

“pull” effect). In contrast, during low insulin effect and low 
peripheral glucose uptake, glucose is transported from the 
liver or gut into plasma, then later diffuses into the ISF (the 
“push” effect). One can easily imagine a situation in which, 
during a very high insulin effect, the fall in interstitial glu-
cose might actually precede the fall in blood glucose. A team 
from Cygnus reported findings similar to those of Sternberg 
et al and Thome-Duret et al during tests with a transdermal 
amperometric sensor.39

More recently, using data obtained from closed loop stud-
ies and meal delivery studies in subjects with type 1 diabetes 
who used Dexcom sensors, some of us addressed this issue. 
To avoid the confounding effects of calibration error, we 
limited the analysis to data in which accuracy was good; 
poor accuracy due to calibration error can masquerade as a 
lead or a lag. In this study, we measured lag using 2 methods: 
(1) the time delay at the vertical midpoint of the glucose 
change (regression delay) and (2) determination of the opti-
mal time shift required to minimize the difference between 
glucose sensor signals and blood glucose values drawn con-
currently. The 2 methods largely agreed with one another. In 
confirmation of the push-pull hypothesis, we found a sub-
stantially greater lag during rising segments (average of 7-10 
minutes) than falling segments (average of 0-3 minutes). As 
one might expect, with the lower lag during falling segments, 
sensor accuracy was greater in this condition. We concluded 
that in persons with type 1 diabetes, when noise and calibra-
tion error are minimized to reduce confounding effects, SC 
amperometric glucose sensors demonstrate a shorter lag 
duration and greater accuracy when insulin effect is great 
and glucose is falling versus rising.40 This finding suggests 
that an effect of insulin to lower local interstitial glucose 
level more than the blood glucose level might be due, at least 
in part, to its systemic effect.

In contrast with these findings, other groups found that 
the lag of sensor glucose behind plasma glucose occurred 
regardless of whether glucose was rising or falling and 
regardless of systemic insulin effect.41-43 Several workers 
addressed the sources of these disparities and concluded that 
the best explanations are differences in sensor technology 
and in experimental design.43-45

Clinical Relevance of a Dual Use Catheter

The idea of measuring glucose at or near the site of insulin 
delivery is relevant to several clinical situations. For 
example, in patients with diabetes who now use both an 
insulin pump and a continuous glucose monitor, the inclu-
sion of a sensing capability in the insulin delivery catheter 
itself would greatly increase convenience. Similarly, in an 
insulin-only closed loop system, a user would not need a 
separate body-worn sensor. One can easily imagine a sys-
tem in which there was only 1 inserted device (the sensing 
catheter) and 1 electronic device carried in a pocket: a 
device that pumps insulin, receives continuous glucose 
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data, and houses both the algorithm controller and user 
interface. For a dual hormone system (eg, insulin and glu-
cagon), the situation is more complex but not daunting. It 
is quite possible that both hormones could be delivered 
through a single catheter, though the dead volume would 
need to be kept to a minimum to minimize unwanted deliv-
ery of a hormone when the pump switches to delivery of 
the other hormone. In addition, it would be necessary to 
demonstrate the mutual biochemical compatibility of the 2 
formulations since there would likely be at least a small 
amount of mixing. Finally, it would be necessary to show 
that the hormone formulations were compatible with the 
fluid path of the pump.

Future Studies: Potential Benefits of Sensing Unit 
Redundancy

In a variety of fields, the concept of sensor redundancy is 
used to increase accuracy.46,47 In 1996, Schmidtke et al 
found that by using data from pairs of wired enzyme glu-
cose sensors, accuracy was improved compared to use of a 
single sensor.48 Our group found that an array of 4 glucose 
sensing units in close proximity led to accuracy benefits49 
and that the use of 4 separate Dexcom glucose sensors 
worn concurrently markedly reduced large (“egregious”) 
errors.50

We believe that the concept of sensing unit redundancy 
will be a fruitful area for research in the area of catheters 
designed both for sensing and insulin delivery. For exam-
ple, the use of multiple sensing units might be useful to 
further investigate the proximity effect: Does the specific 
distance between the sensing unit and the insulin delivery 
site affect the accuracy with which glucose is measured? If 
so, an algorithm that uses data from multiple sites might 
well reduce sensor inaccuracy. The topic of sensing error is 
especially relevant to the field of the artificial pancreas. 
The reduction of egregious errors will help reduce the 
chance of serious adverse clinical outcomes, such as those 
due to overdelivery of insulin. In addition, multiple distrib-
uted sensing units that provide “tissue averaging” could 
prove provide increased accuracy in vivo. The general idea 
here is that there is heterogeneity in tissue characteristics 
such as capillary density—the use of multiple sensors might 
average out these effects and provide a better metric of 
whole body glucose.

In summary, a recent series of investigations suggests that 
the perturbation of SC interstitial glucose levels by local 
delivery of insulin is much less than what was originally 
believed. Several biological concepts, including the concepts 
of negative cooperativity and competition between insulin 
absorption and local action, could explain a minimal local 
effect of insulin in SC fat. In conclusion, the development of 
a dual purpose device for sensing glucose and infusing insu-
lin is plausible and would provide a usability benefit to per-
sons with diabetes.
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CGM, continuous glucose monitoring; GLUT4, glucose transporter 
4; ISF, interstitial fluid; MARD, mean absolute relative difference; 
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Acknowledgments

We thank Charles Roberts, PhD, for helpful advice on several key 
molecular biology concepts related to the topic of this review.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: All authors have a financial interest, including stock owner-
ship, in Pacific Diabetes Technologies, Inc. (PDT), a company that 
has a commercial interest in this subject matter. This potential con-
flict of interest of JRC and PGJ has been reviewed and managed by 
OHSU. WKW and RSC are employees of PDT.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: NIH 
(NIDDK) and the Leona M. and Harry B. Helmsley Charitable 
Trust (both grants to PDT).

References

 1. Castle JR, Engle JM, El Youssef J, et al. Novel use of glucagon 
in a closed-loop system for prevention of hypoglycemia in type 
1 diabetes. Diabetes Care. 2010;33:1282-1287.

 2. El-Khatib FH, Russell SJ, Nathan DM, Sutherlin RG, 
Damiano ER. A bihormonal closed-loop artificial pancreas 
for type 1 diabetes. Sci Transl Med. 2010;2:27ra27.

 3. Haidar A, Legault L, Dallaire M, et al. Glucose-responsive 
insulin and glucagon delivery (dual-hormone artificial pan-
creas) in adults with type 1 diabetes: a randomized crossover 
controlled trial. CMAJ. 2013;185:297-305.

 4. Hovorka R, Kumareswaran K, Harris J, et al. Overnight closed 
loop insulin delivery (artificial pancreas) in adults with type 
1 diabetes: crossover randomised controlled studies. BMJ. 
2010;342:d1855.

 5. Phillip M, Battelino T, Atlas E, et al. Nocturnal glucose control 
with an artificial pancreas at a diabetes camp. N Engl J Med. 
2013;368:824-833.

 6. Renard E, Cobelli C, Kovatchev BP. Closed loop develop-
ments to improve glucose control at home. Diabetes Res Clin 
Pract. 2013;102:79-85.

 7. Thabit H, Hovorka R. Closed-loop insulin delivery in type 1 
diabetes. Endocrinol Metab Clin North Am. 2012;41:105-117.

 8. Weinzimer SA, Steil GM, Swan KL, Dziura J, Kurtz N, 
Tamborlane WV. Fully automated closed-loop insulin delivery 
versus semiautomated hybrid control in pediatric patients with 
type 1 diabetes using an artificial pancreas. Diabetes Care. 
2008;31:934-939.

 9. Chantelau E, Lange G, Sonnenberg GE, Berger M. Acute cuta-
neous complications and catheter needle colonization during 
insulin-pump treatment. Diabetes Care. 1987;10:478-482.

 10. Cushman SW, Wardzala LJ. Potential mechanism of insulin 
action on glucose transport in the isolated rat adipose cell. 



Ward et al 573

Apparent translocation of intracellular transport systems to the 
plasma membrane. J Biol Chem. 1980;255:4758-4762.

 11. Suzuki K, Kono T. Evidence that insulin causes transloca-
tion of glucose transport activity to the plasma membrane 
from an intracellular storage site. Proc Natl Acad Sci USA. 
1980;77:2542-2545.

 12. Hermanides J, Wentholt IM, Hart AA, Hoekstra JB, DeVries 
JH. No apparent local effect of insulin on microdialysis con-
tinuous glucose- monitoring measurements. Diabetes Care. 
2008;31:1120-1122.

 13. Lindpointner S, Korsatko S, Kohler G, et al. Glucose levels at 
the site of subcutaneous insulin administration and their rela-
tionship to plasma levels. Diabetes Care. 2010;33:833-838.

 14. Regittnig W, Lindpointner S, Korsatko S, Tutkur D, Bodenlenz 
M, Pieber TR. Periodic extraction of interstitial fluid from the 
site of subcutaneous insulin infusion for the measurement of 
glucose: a novel single-port technique for the treatment of type 
1 diabetes patients. Diabetes Technol Ther. 2013;15:50-59.

 15. Hajnsek M, Nacht B, Sax S, List E, Klimant I, Sinner F. Single-
port glucose monitoring with simultaneous insulin infusion. 
Biomed Tech (Berl). 2013;58:1-2.

 16. Rodriguez LT FK, Coffman SS, Heller A. Effect of the sen-
sor site-insulin injection site distance on the dynamics of 
local glycemia in the minipig model. Diabetes Technol Ther. 
2011;13:489-493.

 17. O’Neal DN, Adhya S, Jenkins A, Ward G, Welsh JB, 
Voskanyan G. Feasibility of adjacent insulin infusion and con-
tinuous glucose monitoring via the Medtronic Combo-Set. J 
Diabetes Sci Technol. 2013;7:381-388.

 18. Medtronic. Guide for use of pumps and CGM devices. 2013. 
http://www.medtronicdiabetes.com/customer-support/sensors-
and-transmitters-support/change-sensor. Accessed November 
12, 2013.

 19. Virtanen KA, Peltoniemi P, Marjamaki P, et al. Human adipose 
tissue glucose uptake determined using [(18)F]-fluoro-deoxy-
glucose ([(18)F]FDG) and PET in combination with microdi-
alysis. Diabetologia. 2001;44:2171-2179.

 20. Kozka IJ, Clark AE, Reckless JP, Cushman SW, Gould GW, 
Holman GD. The effects of insulin on the level and activity 
of the GLUT4 present in human adipose cells. Diabetologia. 
1995;38:661-666.

 21. Bjorntorp P, Berchtold P, Holm J, Larsson B. The glucose 
uptake of human adipose tissue in obesity. Eur J Clin Invest. 
1971;1:480-485.

 22. DeFronzo RA. Lilly lecture 1987. The triumvirate: beta-cell, 
muscle, liver. A collusion responsible for NIDDM. Diabetes. 
1988;37:667-687.

 23. DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren 
J. Effects of insulin on peripheral and splanchnic glucose 
metabolism in noninsulin-dependent (type II) diabetes melli-
tus. J Clin Invest. 1985;76:149-155.

 24. Trajanoski Z, Wach P, Kotanko P, Ott A, Skraba F. 
Pharmacokinetic model for the absorption of subcutaneously 
injected soluble insulin and monomeric insulin analogues. 
Biomed Tech (Berl). 1993;38:224-231.

 25. Linde B, Philip A. Massage-enhanced insulin absorption--in-
creased distribution or dissociation of insulin? Diabetes Res. 
1989;11:191-194.

 26. Wilinska ME, Chassin LJ, Schaller HC, Schaupp L, Pieber TR, 
Hovorka R. Insulin kinetics in type-I diabetes: continuous and 

bolus delivery of rapid acting insulin. IEEE Trans Biomed Eng. 
2005;52:3-12.

 27. Marshall S. Kinetics of insulin receptor internalization and 
recycling in adipocytes. Shunting of receptors to a degra-
dative pathway by inhibitors of recycling. J Biol Chem. 
1985;260:4136-4144.

 28. Brange J, Owens DR, Kang S, Volund A. Monomeric insu-
lins and their experimental and clinical implications. Diabetes 
Care. 1990;13:923-954.

 29. Binder C, Lauritzen T, Faber O, Pramming S. Insulin pharma-
cokinetics. Diabetes Care. 1984;7:188-199.

 30. Kang S, Brange J, Burch A, Volund A, Owens DR. Absorption 
kinetics and action profiles of subcutaneously administered 
insulin analogues (AspB9GluB27, AspB10, AspB28) in 
healthy subjects. Diabetes Care. 1991;14:1057-1065.

 31. Sotornik R, Brassard P, Martin E, Yale P, Carpentier AC, 
Ardilouze JL. Update on adipose tissue blood flow regulation. 
Am J Physiol Endocrinol Metab. 2012;302:E1157-1170.

 32. DeMeyts P, Bainco AR, Roth J. Site-site interactions among 
insulin receptors. Characterization of the negative cooperativ-
ity. J Biol Chem. 1976;251:1877-1888.

 33. Olefsky JM, Green A, Ciaraldi TP, Saekow M, Rubenstein AH, 
Tager HS. Relationship between negative cooperativity and 
insulin action. Biochemistry. 1981;20:4488-4492.

 34. Arner P, Bolinder J, Ostman J. Insulin dissociation from its 
receptors on human fat cells. Evaluation of the negative coop-
erativity model. Acta Diabetol Lat. 1983;20:197-203.

 35. Swerdloff RS, Heber D. Superactive gonadotropin-releasing 
hormone agonists. Annu Rev Med. 1983;34:491-500.

 36. Lindpointner S, Korsatko S, Kohler G, et al. Use of the site 
of subcutaneous insulin administration for the measurement 
of glucose in patients with type 1 diabetes. Diabetes Care. 
2010;33:595-601.

 37. Sternberg F, Meyerhoff C, Mennel FJ, Mayer H, Bischof F, 
Pfeiffer EF. Does fall in tissue glucose precede fall in blood 
glucose? Diabetologia. 1996;39:609-612.

 38. Thome-Duret V, Reach G, Gangnerau MN, et al. Use of a 
subcutaneous glucose sensor to detect decreases in glucose 
concentration prior to observation in blood. Anal Chem. 
1996;68:3822-3826.

 39. Kulcu E, Tamada JA, Reach G, Potts RO, Lesho MJ. 
Physiological differences between interstitial glucose and 
blood glucose measured in human subjects. Diabetes Care. 
2003;26:2405-2409.

 40. Ward WK, Engle JM, Branigan D, El Youssef J, Massoud 
RG, Castle JR. The effect of rising vs. falling glucose level 
on amperometric glucose sensor lag and accuracy in Type 1 
diabetes. Diabet Med. 2012;29:1067-1073.

 41. Boyne MS, Silver DM, Kaplan J, Saudek CD. Timing of 
changes in interstitial and venous blood glucose measured 
with a continuous subcutaneous glucose sensor. Diabetes. 
2003;52:2790-2794.

 42. Schmidtke DW, Freeland AC, Heller A, Bonnecaze RT. 
Measurement and modeling of the transient difference 
between blood and subcutaneous glucose concentrations in 
the rat after injection of insulin. Proc Natl Acad Sci USA. 
1998;95:294-299.

 43. Steil GM, Rebrin K, Hariri F, et al. Interstitial fluid glu-
cose dynamics during insulin-induced hypoglycaemia. 
Diabetologia. 2005;48:1833-1840.



574 Journal of Diabetes Science and Technology 8(3)

 44. Maggs D. Can hypoglycaemia be predicted before its onset? 
Diabetologia. 1996;39:615-617.

 45. Rebrin K, Steil GM. Can interstitial glucose assessment 
replace blood glucose measurements? Diabetes Technol Ther. 
2000;2:461-472.

 46. Marquet F, Company O, Krut S, Pierrot F. Enhancing paral-
lel robots accuracy with redundant sensors. In: Robotics and 
Automation, 2002. Proceedings. ICRA’02. Vol 4:4114-4119. 
New York, NY: IEEE; 2002.

 47. Shim DS, Yang CK. Optimal configuration of redundant 
inertial sensors for navigation and FDI performance. Sensors 
(Basel). 2010;10:6497-6512.

 48. Schmidtke DW, Pishko MV, Quinn CP, Heller A. Statistics for 
critical clinical decision making based on readings of pairs of 
implanted sensors. Anal Chem. 1996;68:2845-2849.

 49. Ward WK, Casey HM, Quinn MJ, Federiuk IF, Wood MD. 
A fully implantable subcutaneous glucose sensor array: 
enhanced accuracy from multiple sensing units and a 
median-based algorithm. Diabetes Technol Ther. 2003;5: 
943-952.

 50. Castle JR, Pitts A, Hanavan K, et al. The accuracy benefit of 
multiple amperometric glucose sensors in people with type 1 
diabetes. Diabetes Care. 2012;35:706-710.


