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Abstract

Background and Aims: Continuous subcutaneous insulin infusion (CSII) is a widely adopted treatment for type
1 diabetes and is a component of an artificial pancreas. CSII accuracy is essential for glycemic control, however,
this metric has not been given sufficient study, especially at the range of the lowest basal rates (BRs), which are
commonly used in a pediatric population and in closed-loop systems (CLSs). Our study presents accuracy results
of four off-the-shelf CSII systems using a new accurate method for CSII system evaluation.

Matertals and Methods: The Accuracy of four off the-shelf CSII systems was assessed: Medtronic MiniMed
640G®, Ypsomed YpsoPump®, Insulet Omnipod®, and Tandem t:slim X2®. The assessment was performed
using a double-measurement approach through a dlrect mass flow meter and a time-stamped microgravimetric
test bench combined with a Kalman mathematical filter. CSII accuracy was evaluated using mean of dose error.
Mean absolute relative difference (MARD) of error was calculated at different observation windows over the
whole series of tests. Peakwise insulin deliverance was assessed regarding stroke regularity in terms of fre-
quency and volume.

Results: Mean error values indicate a general tendency to underdeliver with up to —16%. MARD of error shows
very wide results for each pump and each BR from 7.4% (2 Ul/h) to 61.3% (0.1 Ul/h). Peakwise analysis shows
several choices for BR adaptation (frequency for Omnipod, volume for Tandem, both for YpsoPump and
MiniMed 640G). Precision in interstroke time appears to be better (standard deviation [SD] at 0.1 Ul/h: 4.6%—
12.9%) than stroke volume precision (SD at 0.1 Ul/h 38.3%—46.4%).

Conclusions: The accuracy of four off-the-shelf CSII systems is model and BR dependent. CSII imprecision
could be due to a variability in volume and/or frequency of strokes for every pump. Some models appear better
adapted for the smallest insulin needs, or for inclusion in a CLS. The clinical implications of these delivery
errors on glucose instability must be evaluated.

Keywords: Insulin pump, Artificial pancreas, Precision, Type 1 diabetes, Performance, Test bench.

Introduction ologic parameters,”® which is done to optimize time-in-range
(TIR). However, glucose control 1n patients treated with
C ONTINUOUS SUBCUTANEOUS INSULIN INFUSION (CSII)is  traditional CSII remains 1mperfect and normoglycemia in
one of the gold standards for achieving glucose control  patients using CLS (i.e., TIR [70,180] >70%) is not always

in patients with type 1 diabetes (T1D).'” CSII is also a key achieved.®’
component of closed-loop systems (CLSs).* CSII allows in- This statement has many explanations, such as continuous
sulin administration to be automatically adapted each 5 to  glucose measurement (CGM) imprecision, erratic insulin
15min according to several variables such as continuous subcutaneous absorption, unstable lifestyle, and so on.'®!!
glucose measurement (CGM), insulin-on-board, and physi- CSII imprecision could also be a factor, and to-date, very few
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independent studies have evaluated the accuracy of insulin
administration system.

There are several pumps on the market, and all are able to
deliver insulin at various basal rates (BRs). Despite consistent
improvements over the years, the international gold standard
for the assessment of CSII, recognized by many authorities
along with introduction to various markets, do have some
limitations. In brief, this standard is quite detached from daily
life constraints, and tests rely on an indirect means of mea-
surement with a low frequency of data acquisition. Moreover,
the standard does not include compulsory testing for the lowest
BR,'*'° althou,&%h CSII are commonly used in both the pedi-
atric population''® and CLS."**°

In this context, as previously suggested by Heinemann
et al.,"? the available evidence on the safety and efficacy of
CSII remains limited. Due to this lack of evidence, the ac-
curacy of insulin administration of pumps available on the
market requires more in-depth evaluation, especially at dif-
ferent BRs. Moreover, CSII misprecision could be a potential
factor for the persistent gl%/cemic instability observed in T1D
patients treated by CSIL?

We recently introduced a new bench test method that is
able to reach high-precision measurement of insulin admin-
istration at several BRs,12 including the lowest levels. This
new method provides both continuous measurement of in-
sulin flow rate and insulin volume with good uncertainties.'
In the present study, four off-the-shelf insulin pumps were
tested at several BRs (2, 1, 0.5 and 0.1 Ul/h) using the new
method. The pumps were a Medtronic® Minimed640G, a
Ypsomed® YpsoPump, an Insulet® Omnipod, and a Tan-
dem® t:slim X2.

Materials and Methods

The methods have been precisely described in reference. '

Direct mass flow meter BL100 and weighing
scale XPE56

The measurement devices included a Mettler Toledo®
XPE56 wei%hing scale and a BL100 direct mass flowmeter by
Bronkhorst™ according to the setup designed and described in
a previously published article.'? In brief, the CSII under study
is connected to the flowmeter by standard catheter tubing as
shown in Figure 1. The flowmeter’s exit is connected to
similar tubing that plugs hermetically to an 18G, 1.2 mm, ISO
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7864 needle immersed in a test tube on the weighing scale.
A thin oil layer prevents any evaporation from occurring in-
side the tube during the several hours of the test. As described
in a previous article, numerous microfluidic phenomena as
well as environmental constraints relative to measurement
were controlled before and during each test.

Kalman filter-based assessment method

A Kalman filtering method combining signals from both
devices was implemented, as detailed in a previously pub-
lished study.l2 Here, the Kalman filter minimizes the mean
square error of the two measured parameters. This step allows
for the high accuracy of the weighing scale to compensate for
the uncertainty of the flowmeter measurement for the very
low flowrates under study. Similarly, the low acquisition
frequency of the balance is compensated by the high fre-
quency of the flowmeter acquisition. The output of the Kal-
man filter is composed of two signals, a corrected cumulated
mass signal and a corrected flow rate signal.

As displayed in our previous article,'? no external vali-
dation protocol allowed to approach the imprecision of our
measurement method. Nevertheless, we took care of using
the Kalman estimator within a proper mathematical frame-
work, and we assessed the estimation output with mathe-
matical indicators to approach the validity of our results.
More importantly, the general insulin pump precision results
we provide in this study (Figs. 2 and 3) rely on the weighing
scale for which uncertainties are totally mastered and pro-
vided in the method article.'?

Design of experiment

Three wired pumps, MiniMed 640G (Medtronic), Ypso-
Pump (Ypsomed), and t:slim X2 (Tandem), and one patch
pump, Omnipod (Insulet), were assessed. All four were tested
under four BRs: 2, 1, 0.5, and 0.1 Ul/h. Each test lasted for 8 h
at a constant BR, and was reproduced four times each. The
insulin used was Novorapid (Novo Nordisk®). The overall
results of sixty-four 8 h tests are presented hereunder.

Numerical indicators

Mean error. For all tests, the mean error in insulin de-
liverance was computed over the whole 8 h test (Eq. 1). The
difference between actual insulin dose (AID) and expected
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FIG. 1. Test bench setup. 1: Insulin pump, 2: Bronkhorst BL100 flow meter, 3: Weighing scale, 4: Infusion plate, 5:

Transition needle, 6: Oil layer, 7: End-point reservoir.
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FIG. 2. Boxplot of mean error and MARD. CSII system accuracy results for each BR with mean (A) and 15-min observation
windows MARD errors (B) grouped by pump model. BR, basal rate; CSII, continuous subcutaneous insulin infusion; MARD,

mean absolute relative difference.

insulin dose (EID) was considered for each i-th interval upon
the total n time intervals.
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Mean absolute relative difference error. Also, the mean
absolute relative difference (MARD) between AID and EID
was computed (Eq. 2) for each i-th interval upon the total n
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time intervals of the tests. This was done so that successive
underdeliverance and overdeliverance would not compensate
for each other, as they do for simple mean computations.

Graphs plotting boxplot MARD error replicas of each in-
sulin pump model for each BR were displayed for 15-min
observation windows.
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FIG. 3. Evolutive MARD. For each pump model, MiniMed 640G (A), YpsoPump (B), Omnipod (C), t:slim X2 (D), and
each set BR, MARD error results is calculated for several time windows intervals along the four replicas. Evolutive MARD
is the graphic representation of MARD for several observation windows in each situation.
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MARD was also computed for different observation win-
dows (30, 60, 120, 240 min) over the duration of the whole 8 h
experiments. The resulting MARD was plotted according to the
size of the considered time window for each pump and BR to
evaluate if errors were being compensated for larger observa-
tion windows. Indeed, all sub-over deliveries comprised within
the length of those time windows are then being compensated.

Insulin stroke analysis

To decipher more precisely the mechanism of insulin
pump accuracy, we evaluated insulin stroke frequency and
amplitude reproducibility. From the Kalman-filtered flowrate
signal, local maxima of insulin flowrate was spotted, allow-
ing the identification of stroke positions, which was done
using an algorithm detailed in the Supplementary Data. This
allowed us to compute for each stroke of the injected volume
and the interstroke time to evaluate the intrinsic variability of
insulin administration.

Results
Global error assessment

Mean error and MARD were different according to BR and
according to the pump as shown by boxplots in Figure 2.

The values of mean error percentage shown in Figure 2A
are mostly negative and suggest a tendency to under deliver.

Values for the 15min observation windows for MARD
presented in Figure 2B highly increase as BR drops, exhibiting
a very high difference between the set point and actual injected
volume. At 2 Ul/h BR, mean MARD of YpsoPump and Tan-
dem were close, 7.9% and 7.4%, respectively, while MiniMed
640G had the highest value, although with a mean MARD
of 11.8%. Some important differences appear between pumps
as BR decreases. For 15 min observation windows, Omnipod
mean MARD reached 61.3% at 0.1 Ul/h, while t:slim X2 had
the smallest mean MARD results with a mean MARD at 22.7%
(Fig. 2B). A table of these values can be found in the Supple-
mentary Data.

The evolution of MARD for different observation windows
(15, 30, 60, 120, and 240 min), presented in Figure 3, differs
between pump models and BR values. Overall, we observed
two distinct behaviors. First, when positive errors immediately
compensate negative errors, the resulting MARD decreases
when observations windows become wider.

This explains why some MARD evolution plots quickly
plummet. For instance, the error of Omnipod at 0.1 UIl/h was
a 68% error with 15 min observation windows versus 19% at
a 60 min time interval. Later in our discussion, we will refer
to this phenomenon as short-term inaccuracy.

Second, some errors, either positive or negative, are main-
tained over longer time windows, sometimes even over the
whole 8 h test. MARD does not evolve much when the obser-
vation window gets wider, making the MARD evolution plot
nearly flat (Fig. 3: Omnipod 0.5 Ul/h 23% error at 15 min in-
terval windows against 21% error at a 60 min time interval).
This behavior will be later referred to as long-term inaccuracy.

Evaluation of stroke amplitude and frequency
in each pump

To decipher causes for the inaccuracies, we evaluated the
volume and frequency of each stroke according to BR and
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pump. As observed in Figure 4, pump models adopt different
strategies to adjust BR. Omnipod made the choice to maintain
stroke volume and adapt interstroke time. Oppositely, t:slim
X2 adjusts stroke volume while keeping the same interstroke
value for each set BR. The other models, MiniMed 640G and
YpsoPump, adopted both strategies changing either inter-
stroke time value or insulin stroke volume depending on BR
range. Also, Figure 4 highlights the overall imprecision of
different mechanisms: every pump model shows approxi-
mately the same intrinsic stroke volume variability except for
MiniMed 640G at 2 Ul/h. However, this model had unclear
delimited strokes, allowing a less precise discrimination be-
tween strokes, whether the segmentation was performed by
the human eye or by use of our algorithm (Supplementary
Data). A good reproducibility for interstroke time at all BR
was observed except for the YpsoPump and MiniMed 640G
at 0.1 Ul/h BR. Stroke volume variability was overall wider.
As an example, standard deviations of observed stroke vol-
umes at 0.1 Ul/h reach 38.3% (MiniMed 640G), 51.1%
(Omnipod), 36.6% (YpsoPump), and 46.4% (t:slim X2) of
the mean stroke volume value while interstroke time vari-
ability at 0.1 Ul/h is 12.9% (MiniMed 640G), 4.6% (Omni-
pod), 5.7% (YpsoPump), and 7.5% (t:slim X2) of the mean
interstroke time value. Insulin stroke features can be found in
Table 1.

Discussion

This study evaluates for the first time, off-the-shelf CSII
accuracy for results at several BRs, from 0.1 to 2 Ul/h, using a
high precision and reactive method.'> Overall, our results
showed a general tendency to underdeliver with up to —16%
of the announced insulin volume delivered over 8 h. The three
manufacturers claim error ranges within +5% in basal de-
livery for all BRs to be delivered. Only Ypsomed indicates an
error of £30% (at 23°C+2°C) for 0.1 Ul/h BR and below,
and this statement matches with our observations. We also
demonstrated a huge heterogeneity of CSII accuracy ac-
cording to BR and CSII model. Using usual BRs (1 to 2 UL/h),
MARD goes from 8% (Ypsopump and t:slim X2) to 21%
(Omnipod). Atlowest BRs, MARD errors become commonly
higher, from 22% for t:slim X2 to 61.3% for Omnipod at
0.1 UI/h. We also generally observed an overall less repro-
ducible error for lower BRs. Even a few cases of overdelivery
were observed.

CSII accuracy has been previously evaluated by depen-
dent'"" and independent'*'®*? teams testing several CSII
models with numerous methodologies. Their conclusions
generally agreed on a CSII with lower precision for the
smallest BRs and on the fact that accuracy is model depen-
dent. However, some major differences between results exist
in the literature. For example, Omnipod overall precision was
found to be highly accurate by Zisser et al.,'* while others
found it inaccurate.'""'3'® Our results are unique to the best
of our knowledge for several reasons: we addressed some
CSII models that have not been yet assessed, such as t:slim
X2 and YpsoPump. In addition, accuracy using a BR below
0.5 Ul/h had never been tested. Most importantly, we applied
a leading-edge measurement method that is able to measure
insulin flow precisely and continuously.'?

The smallest flowrates are intuitively the hardest to deliver
correctly for CSII-based microfluidic systems. Therefore,
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FIG. 4. Insulin stroke regularity. The stroke unit volume is displayed according to its corresponding interstroke time, for
all observed strokes. The uniaxial distributions of each test situation are represented with gaussians.

t is clear analysis shows a tendency to higher rates of hypoglycemia in

testing CSII especially at those BR is necessary
evenina children under CSII compared to multi-daily injections.

L
that CSII is known to improve glycemic control****

pediatric population, even under low BR settings.”> How-
ever, it appears that some glycemic variabilities (GVs) do
persist, and hypoglycemia are still being observed even
when the amount of severe hypoglycemia is being reduced
by the use of CSIL.”****2" More surprisingly, a 2009 meta-

This appears to be confirmed by continuous glucose mea-
surement (CGM) clinical trials who still observe a GV and
hypoglycemic episodes in patients treated by CSII, although
the use of the CGM also contributes to reducing GV in those
patients.?~°

TABLE 1. INSULIN STROKE FEATURES

Minimed 640G Omnipod YpsoPump t:slim X2
Volume Stroke Volume Stroke Stroke Volume Stroke
per stroke period per stroke period Volume per period per stroke period
(Ul) (min) (Ul) (min) stroke (UI) (min) (UI) mean (min)
mean (SD)  mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) (SD) mean (SD)

2Uh  0.28 (0.086) 8.54 (1.67) 0.049 (0.011) 1.50 (0.079) 0.095 (0.018) 2.99 (0.18)  0.17 (0.035) 4.99 (0.32)
1UVh  0.046 (0.014) 2.82 (0.50) 0.050 (0.014) 2.99 (0.15) 0.050 (0.011) 2.95 (0.37) 0.084 (0.031) 5.00 (0.29)
0.5UI/h 0.024 (0.017) 3.05 (0.47) 0.050 (0.040) 5.98 (0.33) 0.048 (0.008) 5.99 (0.34) 0.039 (0.013) 4.92 (0.54)
0.1U/h 0.024 (0.0092) 14.6 (1.89) 0.045 (0.023) 29.7 (1.38) 0.041 (0.015) 29.6 (1.7) 0.0084 (0.0039) 4.94 (0.37)

Insulin stroke regularity is calculated for each pump model at each BR regarding interstroke time and stroke volume regularity.
BR, basal rate; SD, standard deviation.
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Today, a few studies have discussed clinical consequences
of CSII errors: Heinemann et al. showed that ““in adult with
normal insulin requirement (0.12 Ul/kg), changing BR from
1 to 2 UI/h had an effect on glucose infusion rate after 30—
60 min. For the same patient type, BR from 0.1 to 0.5 Ul/h did
not reveal any particular systemic consequences.”>' How-
ever, many studies raise the question of the impact of CSII
accuracy for patients with low insulin needs using small BR
ranges.'1%3*33 A more recent simulation study also dem-
onstrated that a variation of 0.1 Ul/h in BR or 0.3 Ul in bolus
within 4 h time span has also a systemic incidence.>* Hence,
more and more insights suggest to reinforce knowledge on
CSII delivery behavior, especially for patients using low BR,
which has been our goal in this study.

The origins of the inaccuracies we observed remain un-
known. The analysis and the comparison of insulin stroke
deliverance parameters, such as frequencies and stroke vol-
umes, for each CSII models at several BRs, could bring a
piece of the answer. Our method provides for the first time a
continuous measurement method that is able to study peak-
wise CSII accuracy.

Insulin stroke analysis (Fig. 4) shows that CSII impreci-
sions appear to come from variability in insulin strokes fre-
quency. This phenomenon is accentuated when BR is
reduced and is of various significance depending on pump
model. Indeed, interstroke time is observed as having a larger
spread for smaller BRs, especially for MiniMed 640G and
YpsoPump at 0.1 UI/h. Oppositely, t:slim X2 showed the
lowest variability in interstroke time for the same BR.
Variabilities in stroke volumes appear to be similarly spread
whatever the BR. In the specific case of MiniMed 640G at
2 Ul/h, the stroke volume appears to be exceptionally spread.
At 2UI/h, this model showed unclear delimited strokes
(Supplementary Data), and its flowrate oscillates around an
average value. However, it presents no extensive delivery
error, looking at both the 15 min MARD and the mean error
(Fig. 2). Therefore, we have no element to establish the
clinical relevance of this delivery.

Figure 4 also suggests that different strategies were chosen
by the various manufacturers regarding the key parameter
used to modulate BR. For instance, Omnipod clearly seems to
use a variation in stroke frequency with constant stroke
volume to modify BR, whereas t:slim X2 apparently chose to
keep a constant stroke frequency and to change the stroke
volume to achieve this. YpsoPump and MiniMed 640G seem
to use a combination of both strategies, using stroke volume
adaptation for the highest range of BRs and interstroke ad-
aptation for the lowest. These observations are made clear by
analyzing the relative positions of each cloud of points for
each pump model in Figure 4.

Manufacturer choices and CSII accuracy might have
clinical consequences. Reducing BR by acting on stroke
frequency implicates that in this situation, strokes as rare as
one every 30 min could be observed.

In the results section, we introduced two behaviors with
regard to how MARD plots evolve according to time, namely
short-term instability (YpsoPump and Omnipod at 0.1 Ul/h)
and long-term instability (MiniMed 640G at 0.5 and 0.1 Ul/h
and Omnipod at 0.5 Ul/h). To date, no evidence has estab-
lished a causality between insulin administration errors and
glycemic instability, whether short-term or long-term. One
might indeed argue that successive over- and underdeliveries
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lasting less than 15 min (short-term instability) could physi-
ologically have no clinical impact at all. Conversely, long-
term instability could foster overall glycemic instability, as it
implies long exposures to either higher doses or lower doses
of insulin, and naturally lead to a succession of hypoglycemia
and hyperglycemia.

CSII short-term instability would appear acceptable com-
pared to long-term as long as the global mean error remains
low and the plateau shape is reached as fast as possible. In the
opposite case, long-term instability could be acceptable since
a constant error makes it easier for the patient to adapt his
treatment, provided of course that no major changes from
under- to overdelivery occur, but rather there is just a simple
and stable long-lasting error. In the context of artificial
pancreas (AP) systems, this last kind of predictable error
could be integrated in an AP algorithm to correct these in-
accuracies. In contrast, short-term instability, which corre-
sponds to a high 15 min time interval MARD, could be seen
as problematic since control algorithms frequently adapt the
dose and thus could base their calculations on frequent errors.

Conclusions

In conclusion, we demonstrated that a more precise eval-
uation of CSII shows a slight global tendency to underdeliver,
important errors in delivery over 15 min time intervals, and
errors that are enhanced with the diminution of BR. Defects
in reproducibility of CSII delivery were also highlighted by
identifying strokes characteristics. It appears necessary to
qualify the characteristics of inaccuracies according to CSII
models to develop closed loop algorithms that take these
specific inaccuracies into account. Further investigation is
required to specifically assess the clinical effect of the ob-
served short-time misdelivery on patients.

Acknowledgments

Mr. Sylvain GIRARDOT is a recipient of a doctoral fel-
lowship (CIFRE: Conventions Industrielles de Formation par
la Recherche) from the Association Nationale de la Re-
cherche et de la Technologie (ANRT, Paris, France).

Author Disclosure Statement

J.-P. Riveline discloses financial support for clinical re-
search from Insulet and Medtronic.

Funding Information

Sylvain Girardot’s work was funded by Association Na-
tionale de la Recherche et de la Technologie (ANRT). The
material was funded by Air Liquide Healthcare S.A.

Supplementary Material

Supplementary Data
Supplementary Table S1
Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3

References

1. Jeitler K, Horvath K, Berghold A, et al.: Continuous sub-
cutaneous insulin infusion versus multiple daily insulin
injections in patients with diabetes mellitus: systematic
review and meta-analysis. Diabetologia 2008;51:941-951.



Downloaded by Kerri Bandelin from www.liebertpub.com at 03/23/20. For personal use only.

ASSESSMENT OF OFF-THE-SHELF INSULIN PUMPS

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Misso ML, Egberts KJ, Page M, et al.: Continuous subcuta-
neous insulin infusion (CSII) versus multiple insulin injec-
tions for type 1 diabetes mellitus. Cochrane Database Syst Rev
2010;,CD005103. DOI: 10.1002/14651858.CD005103.pub2.

. Orr CJ, Hopman W, Yen JL, Houlden RL: Long-term ef-

ficacy of insulin pump therapy on glycemic control in
adults with type 1 diabetes mellitus. Diabetes Technol Ther
2015;17:49-54.

. Cobelli C, Renard E, Kovatchev B: Artificial pancreas:

past, present, future. Diabetes 2011;60:2672-2682.

. Bequette B: Algorithms for a closed-loop artificial pan-

creas: the case for model predictive control. J Diabetes Sci
Technol 2013;7:1632-1643.

. Tauschmann M, Thabit H, Bally L, et al.: Closed-loop in-

sulin delivery in suboptimally controlled type 1 diabetes: a
multicentre, 12-week randomised trial. Lancet 2018;392:
1321-1329.

. Foster NC, Beck RW, Miller KM, et al.: State of type 1

diabetes management and outcomes from the T1D ex-
change in 2016-2018. Diabetes Technol Ther 2019;21:
66-72.

. Miller KM, Foster NC, Beck RW: Current state of type 1

diabetes treatment in the US: updated data from the T1D
exchange clinic registry. Diabetes Care 2015;38:971—
978.

. Benhamou P-Y, Franc S, Reznik Y, et al.: Closed-loop

insulin delivery in adults with type 1 diabetes in real-life
conditions: a 12-week multicentre, open-label randomised
controlled crossover trial. Lancet Digit Health 2019;1:e17—
e25.

Mori H, Okada Y, Kurozumi A, et al.: Factors influencing
inter-day glycemic variability in diabetic outpatients re-
ceiving insulin therapy. J Diabetes Investig 2017;8:
69-74.

Jahn LG, Capurro JJ, Levy BL: Comparative dose accuracy
of durable and patch insulin infusion pumps. J Diabetes Sci
Technol 2013;7:1011-1020.

Girardot S, Mousin F, Vezinet J, et al.: Kalman filter-based
novel methodology to assess insulin pump accuracy. Dia-
betes Technol Ther 2019;21:557-565.

Heinemann L, Fleming GA, Petrie JR, et al.: Insulin pump
risks and benefits: a clinical appraisal of pump safety
standards, adverse event reporting, and research needs: a
joint statement of the European Association for the Study
of Diabetes and the American Diabetes Association Dia-
betes Technology Working Group. Diabetes Care 2015;38:
716-722.

Zisser HC, Breton M, Dassau E, et al.: Novel methodology
to determine the accuracy of the OmniPod insulin pump: a
key component of the artificial pancreas system. J Diabetes
Sci Technol 2011;5:1509-1518.

Bowen JL, Allender CJ: A comparative pulse accuracy
study of two commercially available patch insulin infusion
pumps. Eur Endocrinol 2016;12:79-84.

Freckmann G, Kamecke U, Waldenmaier D, et al.: Ac-
curacy of bolus and basal rate delivery of different insulin
pump systems. Diabetes Technol Ther 2019;21:201-208.
Cope JU, Samuels-Reid JH, Morrison AE: Pediatric use of
insulin pump technology: a retrospective study of adverse
events in children ages 1-12 years. J Diabetes Sci Technol
2012;6:1053-1059.

Adolfsson P, Ziegler R, Hanas R: Continuous subcutaneous
insulin infusion: special needs for children. Pediatr Dia-
betes 2017;18:255-261.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

7

Clarke WL, Anderson S, Breton M, et al.: Closed-loop
artificial pancreas using subcutaneous glucose sensing and
insulin delivery and a model predictive control algorithm:
the Virginia experience. J Diabetes Sci Technol Online
2009;3:1031-1038.

Bally L, Thabit H, Hartnell S, et al.: Closed-loop insulin
delivery for glycemic control in noncritical care. N Engl J
Med 2018;379:547-556.

Soupal J, Petruzelkova L, Grunberger G, et al.: Glycemic
outcomes in adults with T1D are impacted more by con-
tinuous glucose monitoring than by insulin delivery meth-
od: 3 years of follow-up from the COMISAIR study.
Diabetes Care 2020;43:37-43.

Laubner K, Singler E, Straetener J, et al.: Comparative dose
accuracy of durable and patch insulin pumps under labo-
ratory conditions. Diabetes Technol Ther 2019;21:371-
378.

Pickup JC, Sutton AJ: Severe hypoglycaemia and gly-
caemic control in Type 1 diabetes: meta-analysis of mul-
tiple daily insulin injections compared with continuous
subcutaneous insulin infusion. Diabet Med 2008;25:765—
774.

DeVries JH, Snoek FJ, Kostense PJ, et al.: A randomized
trial of continuous subcutaneous insulin infusion and in-
tensive injection therapy in type 1 diabetes for patients with
long-standing poor glycemic control. Diabetes Care 2002;
25:2074-2080.

Jeha GS, Karaviti LP, Anderson B, et al.: Insulin pump
therapy in preschool children with type 1 diabetes mellitus
improves glycemic control and decreases glucose excur-
sions and the risk of hypoglycemia. Diabetes Technol Ther
2005;7:876-884.

Hasanbegovic S, Obarcanin E, Hasanbegovic E, Begic N:
Impact of insulin delivery method on hypoglycemia inci-
dence in pediatric type 1 diabetes mellitus patients. Med
Arch Sarajevo Bosnia Herzeg 2017;71:391-395.

Phillip M, Battelino T, Rodriguez H, et al.: Use of insulin
pump therapy in the pediatric age-group: consensus state-
ment from the European Society for Paediatric En-
docrinology, the Lawson Wilkins Pediatric Endocrine
Society, and the International Society for Pediatric and
Adolescent Diabetes, endorsed by the American Diabetes
Association and the European Association for the Study of
Diabetes. Diabetes Care 2007;30:1653-1662.

Fatourechi MM, Kudva YC, Murad MH, et al.: Clinical
review: hypoglycemia with intensive insulin therapy: a
systematic review and meta-analyses of randomized trials
of continuous subcutaneous insulin infusion versus multiple
daily injections. J Clin Endocrinol Metab 2009;94:729—
740.

Battelino T, Phillip M, Bratina N, et al.: Effect of contin-
uous glucose monitoring on hypoglycemia in type 1 dia-
betes. Diabetes Care 2011;34:795-800.

Ngrgaard K, Scaramuzza A, Bratina N, et al.: Routine
sensor-augmented pump therapy in type 1 diabetes: the
INTERPRET study. Diabetes Technol Ther 2013;15:273—
280.

Heinemann L, Nosek L, Kapitza C, et al.: Changes in basal
insulin infusion rates with subcutaneous insulin infusion:
time until a change in metabolic effect is induced in pa-
tients with type 1 diabetes. Diabetes Care 2009;32:1437—
1439.

Borot S, Franc S, Cristante J, et al.: Accuracy of a new
patch pump based on a microelectromechanical system



Downloaded by Kerri Bandelin from www.liebertpub.com at 03/23/20. For personal use only.

33.

34.

(MEMS) compared to other commercially available insulin
pumps. J Diabetes Sci Technol 2014;8:1133-1141.
Kamecke U, Waldenmaier D, Haug C, et al.: Establishing
methods to determine clinically relevant bolus and basal
rate delivery accuracy of insulin pumps. J Diabetes Sci
Technol 2019;13:60-67.

Campos-Naiiez E, Layne JE, Zisser HC: In silico modeling
of minimal effective insulin doses using the UVA/-
PADOVA type 1 diabetes simulator. J Diabetes Sci Tech-
nol 2018;12:376-380.

GIRARDOT ET AL.

Address correspondence to:

Jean-Pierre Riveline, MD, PhD
Department of Diabetes and Endocrinology
Lariboisiere Hospital

APHP

Paris 75010

France

E-mail: jeanpierre.riveline @aphp.fr



