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Abstract:

Background: Insulin pump or continuous subcutaneous insulin infusion (CSIl) system is a
widely-adopted contemporary treatment for type 1 diabetes and is a major component of
an artificial pancreas (AP). CSll accuracy is essential for glycaemic control and to-date such
metric has not been given sufficient study, especially at the range of the lowest basal rate.
The gold-standard assessment method IEC 60601-2-24 has some limitations. Our study
presents a new accurate and reactive method for CSIl system evaluation based on direct

flow measurement.

Method: A leading-edge assessment method based on a double measurement approach
utilizing a direct mass flow meter and a time-stamped micro-gravimetric bench test was
combined with a Bayesian-based mathematical filter (Kalman). The performance of this
new method was evaluated while assessing the delivery precision of an off-the-shelf
insulin pump at several basal rates. The proposed methodology offers a double reading -
volume and flow rate - which provides direct instantaneous flow rate. CSll dose errors
were evaluated using mean absolute relative dispersion (MARD) at different time intervals

windows over the whole test.

Results: The metrological aspect of the measurements and filtering performance were
consistent. CSIlI precision is shown to be different in terms of the flow rate value:
MARD15min(2 Ul/h) = 12.7%, MARD15min(0.5 Ul/h) = 20.4%, MARD15min(0.1 Ul/h) = 65.0%.
MARD:40min(2 UI/h) = 8.1%, (0.5 Ul/h), MARD40min(0.5 Ul/h) = 18.8%, MARD,40min(0.1 Ul/h)

= 18.4%. Instantaneous flow rate results highlight an irregular stroke-based delivery.

Conclusion: This new method to assess insulin pump administration has been validated
and highlights the current imprecision in insulin delivery, especially for the lowest basal
rate, which is mainly used in pediatric cases and AP system delivery. This leading-edge

method should be used to precisely compare several CSll performances in those contexts.
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Introduction:

Continuous subcutaneous insulin infusion (CSll) is one of the best ways to achieve optimal
glucose control and to prevent chronic complications in patients with type 1 diabetes *. It
is also one of the main components for an artificial pancreas system (AP)*. However, the
achievement of recommended glycaemic control remains a challenge in this population™®.

This may be due in part to the reliability of CSII.

The Medical Devices Investigation report published by the International Consortium of
Investigative Journalists (IClJ) in 2018 came to the conclusion that in general, medical
devices should be much more regulated to better protect patients. Specifically, in 420,000
cases in the U.S., CSll paired with a continuous glucose monitoring system (CGMS) was
suspected as causing or contributing to a serious injury or death or which had a
malfunction that would likely lead to harm if it were to recur. Consequently, this category
of medical devices was classified as an “at risk” medical device by IClJ. CSII by itself is
ranked third in terms of 305,000 declared incidents. Nevertheless, IClJ noted that in their
investigation, the raw reports of each case were not assessed to identify those specifically
caused by medical devices. In any event, these number of events point to the need to
improve the development of the medical device category and the need for improved

regulatory processes for preclinical studies.

Early 2015, Heinemann et al. concluded that in general, medical devices should be much
more regulated to reduce patient’s adverse events’. A 10-year retrospective study of
adverse events reported 1.594 cases related to insulin pump, including 13 deaths from
1996 to 2005. Its numbers rose by about 17% per year between 2001 and 2009%. The
Heinemann et al statement was largely disseminated in the public realm through the
Medical Devices Investigation report published by the International Consortium of
Investigative Journalists (IClJ) in 2018°. CSII by itself is ranked third in terms of 305,000
declared incidents even though ICIJ noted that in their investigation, the raw reports of
each case were not assessed to identify those specifically caused by medical devices. In
any event, this number of events points to the need to improve the regulatory processes

for pre and post clinical studies.
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The first marketed CSllI systems were released in the late seventies and were promoted as

10-13

improving patient comfort and physiology . At the time, there were few technical

details provided regarding pump precision™*

. To the best of our knowledge, only
Jackman et al. assessed device precision for its specific peristaltic pump. CSIl systems were
evaluated as precise to less than 1%, but the infusion test flow rate was tested at around
600 Ul/h. Such an insulin flow rate remains far from the usual doses used by patients and

thus is irrelevant for making conclusions about the accuracy of real life use of CSII*.

For several decades, weighing-based in vitro bench methods have been the only way to

assess tiny flow rates, such as those applied with insulin infusion'®*>™*°

. Only Zisser et al
published in 2011 on a different method to assess CSIl accuracy®. Currently, the gold
standard for CSIl assessment precision is based on the IEC 60601-2-24*! standard, which
uses the so-called time-stamped micro gravimetric method. In this method, an insulin
pump is set to deliver at a constant flow rate within a weighing scale through a

standardized needle plunged into an initial liquid volume.

Despite consistent improvements in weighing materials over the years, these techniques
have faced technical and practical limitations**: The standard protocol method guidelines
consider pump assessment for a typical average flow rate (usually 1 Ul/h and 2 Ul/h).
However, the results obtained for these basal rates do not guarantee pump accuracy for
the lowest basal rates (down to 0.025 Ul/h, 0.25 microliter/hour), which are used in a
pediatric population®®. Moreover, this standard asks to run the insulin pump “for a time
equivalent to empty half the container volume”, or 24h, as a stabilization period, and then
to calculate the CSII accuracy over the stabilization period. This requirement remains far

from parameters appropriate to a patient’s daily life.

Measurement itself, within the current method for CSIl assessment has some limitations.
The few studies dealing with CSIl accuracy assessment do not contain a detailed

101520 " 1hdeed, metrology is the

metrological analysis to prove measurement efficiency
science of measurement and ensures with mathematical proof that measurement
methods and instruments are sufficiently relevant to give consistent results. The IEC

60601-2-24 protocol guidelines only require a five-digit reading capability for the weighing
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6
scale measurement performance. There is no recommendation considering other essential

measurement performance criteria such as linearity, reproducibility, repeatability,

.. ape e 242
eccentricity, or sensitivity”™” .

Moreover, the time-stamped aspect of current measurement methods are insufficient to
extract information for analysis. Current gold standard guidelines require a measurement
of the weight every 15 minutes over the full experiment. A leading-edge weighing scale
under proper conditions is accurate enough to have a measurement every 30 seconds.
Recently, some studies assessed and discussed CSIl delivering precision under a more

clinically relevant way’™*®

. Nevertheless, weighing scale instruments remain sensitive to
the external environment and require a stabilization period between each measurement
to avoid dynamic perturbations. This indirect measurement method makes it difficult to
operate at a higher acquisition frequency to observe direct pump flow behavior.
Furthermore, closed-loop systems algorithms adapt the dose to be injected by CSIl from 5

to 15 minutes®®*

Thus, the defined required measurement every 15 minutes in the
standard is insufficient to obtain a full description. As such, it is necessary to develop
methods that improve the assessment of CSIl performance in order to guarantee accurate

insulin administration.

The current study proposes a novel measurement method with improved temporal
resolution and higher precision at a low flow rate to assess CSll accuracy while tackling the
previously identified limitations. This new method is illustrated by testing a current off-

the-shelf insulin pump at several basal rates, including the smallest range level.

Material and Methods:

Direct mass flow meter BL100 and XPE56

Exhaustive benchmark testing was done on a leading edge technology to deal with the
previously explained limitations. The selected solution (as a field beta test) was the BL100
direct mass flow meter designed by the Bronkhorst® company. The BL100 instrument uses

a micro electro mechanical system (MEMS) based Coriolis™  sensor



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 7 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

7
(https://www.mdpi.com/2072-666X/4/1/22/htm). Flow sensors contain a vibrating tube in

which a mass flow is subjected to Coriolis forces (Fig. 1).

The BL100 flow meter is not as sensitive to external perturbation as a weighing method. It
measures flow from a CSIl basal rate with a 10 Hz frequency acquisition (i.e.: 10
measurements of flow rate per second). For a typical CSIl insulin flow rate, the internal
parts of the BL100 do not introduce pressure losses. Unfortunately, despite all the
advantages of using a BL100 to assess CSlI accuracy, the flow rate range remains too low

for BL100 to measure with a proper uncertainty.

The BL100 direct mass flow meter has a specified flow measurement range of 10 mg/h - 2
g/h with an uncertainty of 1 mg/h +/-1% Read Value. This Coriolis direct mass flow
instrument is unique in the world for measuring such ultra-low flow. While characterizing
CSll, it was discovered that the experiment required even flows below the minimal
specified flow range of the BL100. Calculation of the theoretical measurement error at 2
Ul/h (20 puL or 20 mg/h for water) gives: 1/20*100 + 1% RD (read value) = 6% RD. For 0.5
Ul/h, the theoretical measurement error is situated at around 21% of the Read Value.
BL100 uncertainties were experimentally confirmed in our own trial facilities (see

supplementary data).

In contrast, a MT XPE 56 weighing scale was sufficiently efficient to fit any basal rate

scenario.

Total uncertainty, U, of the weighing scale is calculated using the root-sum-square method

below where Rep is Repeatability, C is corner load, L is Linearity, and Rea is Readibility°.

o= \/Repz + C* + L* + Rea?

Manufacturer provided specifications were: Rea = 1 pug, Rep =0.0015mg,L=0.02mg ,C

= 0 (centered hypothesis).
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So we conclude: U(30)MT XPE 56 = 0.02 mg = 0.02 pl (for 1 g/ml). The smallest dose likely

to be sent by CSllis 0.025 Ul (= 0.25 pl for U100 insulin), thus the calculated capability is

estimated at around 12. Therefore, the weighing scale measurement method is accurate.

In summary, BL100 uncertainties were experimentally confirmed in our own trial facilities
(see supplementary data). Overall, the BL100 presents many advantages as the main
instrument for a new CSll assessment method (easy to set up, direct flow measurement,
time resolution). Nevertheless, this system has some limitations in terms of measurement

accuracy, especially for low flow rate.

Meanwhile, despite the already highlighted drawbacks of a weighing scale instrument
(sparse measurement acquisition, sensitivity to external environment), its measurements

are accurate.

In summary, two methods are available to evaluate CSIl accuracy. On the one hand, the
BL100 allows a direct flow measurement but has a 21% error. On the other hand, the
weighing scale instrument provides a high accuracy measurement but has a low frequency
acquisition. A mathematical Bayesian-based combination of both methods is able to
compensate for the weaknesses of each measurement method. This considerably

optimizes the CSIl assessment measurement method.
Kalman Filter based novel assessment method:

The Kalman Filter is a recursive Bayesian estimator. An algorithm provides an estimation of
the state of a system. In its most simple form, it uses models describing the measurements
and the evolution of the system over time with a Gaussian and linear assumption. In that
particular condition, it is an optimal estimator that minimizes the mean square error of the
estimated parameters. It has numerous applications in technology such as for guidance,

navigation, and control of vehicles, particularly aircraft and spacecraft®®.

A new bench test based on a double measurement (flow rate with BL100 and insulin

volume through Mettler Toledo® XPE56 weighing scale) was designed to improve

measurement consistency. A CSIl system delivers within the BL100 micro flow meter while

downstream insulin is weighed using a MT XPE56 micro gravimetric scale (Fig. 2). The test



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 9 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

9
bench was mostly set accordingly to IEC standard guidelines: a 18G, 1.2mm, ISO 7864

needle was used as an interface between catheter cannula and weighted container, an oil
layer was placed at the top of the insulin container and CSII system, BL100 instrument and

XPE 56 needle endpoint were placed at the same height.

The Kalman filter is then used to link data from both the insulin flow rate from the BL100
and insulin volume from the XPE56. Flow rate data are a priori considered to be
inconsistent in terms of accuracy, but with a high temporal resolution, whereas volume
data are accurate with a limited temporal resolution, thus the Kalman filter estimation is
expected to improve the temporal resolution of volume and uncertainties of flow rate

data, respectively.

The Kalman filter gives Vi and qgr, (respectively volume and flow rate estimation) as well
as their associated covariances o4 and o, (representing the uncertainty degree of these
estimations). Vs and qge are then used for CSIl assessment while o4 and o, are used to

assess Kalman filter estimation efficiency, respectively.

In further detail, the Kalman filter state vector “X” represents the parameters to estimate.
It is composed of flow rate (qg(t)), volume (V(t)) and a drift parameter (d(t)) arbitrary
chosen to estimate potential measurement drift in the flow rate. The Kalman filter

algorithm continually estimates these parameters.

For each time step, state vector “X” is first estimated according to a process model
described by matrix F denoted as the “state transition matrix”. This first step is the
prediction step. State vector estimation is then improved in the update step by available

raw measurements data, related to X by matrix Z, denoted as the “observation matrix”.
q(t)
(1) X=1v(®)
d

(2) 7 = (Qmes(t))

Vmes(t)
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State transition matrix F, describes the dynamic evolution of the system. This allows

characterization of evolution over time. The following linear equations represent this
change to make a first estimation of state X (denoted as an a priori observation) at each
time step. The chosen model is based on the assumption that an integrated flow rate over

time gives delivered volume.

qt+1) =q(t)

(3) v(t+1) = q(t).dt+d
d(t+1) =d(t)
1 0 0
(4) F= (dt 1 1)
0 0 1

Therefore, at each time step, the X state, and (q(t) and v(t) parameters) are estimated

using a process model estimation (5) and is updated by available measurements (6).

(5) Xt+1)=F.X(t)
(6) Xt+1) = X(t+1)+K.y
(7) y=Z—-HX

K: Kalman gain

H: observation matrix

y:innovation

The Kalman gain K represents a ratio based on how much we trust the prediction versus
the measurement. Observation matrix H is a projection from the state space to the
measurement space and allows us to properly calculate residual y. Innovation y represents

the difference between predicted state X and measurement Z in the measurement space.

Filtering optimization methods are usually validated using an experimental qualification.
Flow rate and volume range were too specific to externally assess developed

measurement method.
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A validation approach of Kalman filter performance was done using numerical indicators

(supplemental data).

CSll assessment

We used a novel Kalman filter-based measurement method to assess a CSIl system
currently on the market. Delivery accuracy was tested at three different basal flow rates
(0.1 Ul/h, 0.5 Ul/h, 2 Ul/h). Each experiment lasted eight hours: we considered this
duration as a relevant window to observe overall pump errors*® and to minimize insulin
precipitation®'. Expected insulin dose (EID) was compared with actual delivered insulin

dose (AID) for each 15-minute interval.

AID — EID

Error(%) = —100 (8)

Visual indicators:

- Each 15-minute time interval displays the error of the targeted dose.

- Distribution of errors during the 8-hour experiments were also displayed to check
for targeted dose disparity (NB: ideal distribution corresponding to a perfect insulin
pump would be a zero-centered Gaussian with the smallest possible standard
deviation).

- Finally, the regularity of the insulin peaks is observed for the first time thanks to
the acquisition frequency of the new assessment method. Insulin peak maxima
were detected with an algorithm based on “simple comparison of neighboring
values”. Thus, the distribution of the detected peak can be observed. The standard
deviation of distribution renders peak value disparity.

Numerical Indicator:

Fifteen-minute interval errors during an eight-hour experiment are globally

assessed using two indicators:

- Mean error which explicitly shows the numerical average of error per

interval:
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Mean(Error(%)) =X, [w 0] 1

EIDi n (3)
- Mean Absolute Relative Deviation (MARD) corresponds to the average of

the statistical dispersion of absolute delivery errors>?:

MARD(Error(%)) = ¥i, [“2—221 1002 (10)

EIDi

SIr

MARD is calculated for different time windows (15 min, 30 min, 60 min, 120 min, 240 min)

over the duration of the whole experiment.

Results:

CSll Assessment

Dose error for each 15-minute interval along the single basal rate is displayed (Fig. 4). The
error distribution allows for a visualization of pump dose regularity. The results suggest an
increase of pump delivery imprecision at the lowest basal rates. A Gaussian-like

distribution profile also becomes wider when the basal rate is in the lower range.

The global dose error for each basal rate is considered using two numerical indicators:
mean of all the errors; and mean absolute relative dispersion for all errors. The lowest
basal rates have a higher mean error. For any time interval window, mean error and mean
ARD give higher values when the basal rate becomes lower. For any basal rate, mean ARD
values decrease for higher time interval windows. For smallest basal rate (0.1 Ul/h), at 15-
minutes time interval window, mean error and mean ARD have distant values (respectively

17% and 65.7%, see table 1).

The complete CSlI flow rate visualization allows for the first time an analysis of insulin
stroke regularity. The three basal rate profiles and stroke-maxima distribution are
displayed above. The Gaussian-like peak maxima distribution does not have same mean
and spread (see Fig A2, B2, C2). The peak number also depends on the basal rate value

since a peak is composed from a given insulin volume.
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Discussion:

In this study, we validated a new method for evaluation of CSll accuracy using an
innovative double reading, volume and flow rate, which provides much more precise
temporal resolution and a meticulous metrological approach. This new measurement

method highlights CSll inaccuracy, especially for the lowest basal rates.

Currently, CSIl systems are assessed according to several indicators. The IEC 60601-2-24
guidelines uses trumpet curves and overall mean error numerical indicator®’. LG. Jahn et
al. compared the percentage of each stroke-dose error with several arbitrary error
thresholds (+ 5%, + 10%, + 20%)". H. Zisser et al. measured doses errors for each hour-
interval and simply displayed a table of hour-interval errors for a four-hour experiment®.
Finally, S. Borot et al., similar to the IEC standard guidelines, compared the mean error

overall (for a 24h experiment) and for 15-minute observation windows®®.

For several reasons, including common misunderstanding of trumpet curve tool®**, we
made the choice to orient our main indicator toward MARD. This indicator considers dose
error in an absolute way and does not compensate a negative with a positive dose along

the whole test (unlike mean of dose errors).

One might argue that the short-period of time in succession for over-delivery and sub-
delivery is physiologically compensated and has no clinical impact. In that sense, MARD
could over-evaluate CSll errors. In response, we calculated MARD for dose errors of several
higher time-intervals to compensate for local sub/over deliveries. Meanwhile, AP systems
base their calculations on injected doses and adapt orders each 5 to 15 minutes?®?%. Thus,
the small time interval in MARD is helpful to assess CSIl within an AP context. The several
time intervals from MARD are offered to choose the best window to observe insulin dose

errors and investigate clinical or technical impacts.

In current CSII systems, the basal rate usually used in adults®® (from 0.5 Ul/h to 2 Ul/h) is
generally expected to deliver insulin with less than + 5% error®® (when assessed by
independent study or by manufacturer claims). Our new measurement method highlights

larger errors at 2 Ul/h (mean ARDa4omn = 8.17%).
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Our data also suggest larger errors for the lowest set basal rate (0.1 Ul/h). CSII systems are

a priori designed to perform at an equivalent accuracy for its entire basal rate range.
However, any mechanical device is likely to have performance limitations due to
imperfections introduced during the manufacturing process® or simply due to differences
in core technologies®. Complex systems can be strongly perturbed by a sole element
imperfection®” (known as the butterfly effect®®). Additionally, precision errors for the
overall mechanical system (robot motions, fluid delivery...) are likely to increase for smaller
range values whatever the imperfection. For all these reasons, CSll system weaknesses are

likely to induce delivery errors into daily use, especially at the lowest basal rates.

The lowest tested basal rate (0.1 Ul/h) is usually used in a pediatric population with T1D%.
CSll accuracy with a basal set at 0.1 Ul/h is shown to be significantly lower (mean
ARDismin= 65%) than at higher basal rates (0.5 Ul/h and 2 Ul/h) (respectively 12.7% and
20.4% error). As an illustration, in a 0.1 Ul/h test, from 2h30 to 2h45, the CSIl system
delivered 0.045 Ul instead of 0.025 Ul. In the next 15 minutes, the CSII delivered 0.011 Ul
instead of 0.025 Ul. As previously suggested®®, the causality between these insulin
administration errors and the glycaemic variability observed in patients with T1D* is

possible and remains to be evaluated.

During closed-loop insulin administration, control algorithms change basal rates orders

frequently and strongly, from 0.1 to 4 Ul/h every 5 to 15 minutes?®?*

. CSll performance
under a multiple-basal rate delivery mode (as an AP system would perform) have not been
studied yet and one might argue that such administration errors could have major

implications in terms of AP algorithm performance.

The new direct measurement method for the first time presented CSll instantaneous flow
rate. The way a CSll system delivers insulin (stroke-based) has been previously explained in
the literature® and is continuously mentioned in CSII user guides. The analysis of stroke-
based maxima gives additional information regarding CSIl performance. At a set basal rate,
peak heights and shapes are expected to be equivalent. Differences in observed peak
features (Fig. 5) could have a direct impact on measured dose errors (Fig. 4). Analysis of

different insulin flow rate profiles could also enrich our knowledge on a potential link
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between stroke-features and insulin pharmacodynamics and pharmacokinetics. This topic

has to be further investigated in future studies.

This study was aimed at addressing the need for relevant preclinical CSIl assessment.
Although long-term clinical investigations remain the most relevant way to assess the
therapeutic benefits of a medical device, such an approach is costly and time consuming.
Thus, relevant preclinical in vitro testing is an essential alternative to ensure medical

device safety and performance, especially in the context of an AP system.

Beyond challenging the measurement methods of current CSIl system assessment
methods, other parts of the IEC 60601-2-24 standard might be rethought. Its protocol
assesses CSll systems under resting conditions with no specific constraints, which is far-
removed from clinical applications and real-life patient usage patterns. A CSIl system is
usually used under heterogeneous conditions, which include several physical activities,
varying external temperature, cutaneous pressures (especially during the night), and
several pump positions (under or above injection site) that could significantly impact CSlI

delivery accuracy®.

Conclusion:

A new method for CSIl system assessment was developed. We are now able to measure
direct flow rate and precisely assess CSll delivery accuracy with a 10 Hz time resolution.
This improvement is particularly important for evaluating CSIl performance, especially at a

low flow rate or in the context of an AP system.
Acknowledgments:

Mr Sylvain GIRARDOT is a recipient of a doctoral fellowship (CIFRE: Conventions
Industrielles de Formation par la Recherche) from Association Nationale de la Recherche et
de la Technologie (ANRT, Paris, France). We thank the anonymous English reviewer from

Servicescale who edited the manuscript prior to its submission.



Page 16 of 33

16

We also thank our colleagues from Explor Center, Dr. Ira Katz (Campus Innovation, Air

Liquide Healthcare, Paris, France) and Pr. Luigi Del Re (Linz JK University, Linz, Austria) who

provided insight and expertise that greatly assisted the research.

No competing financial interests exist.

Author Disclosure Statement

*J004d SIY3 Wouy Ja1p Aew uoisiaA paysiignd jeuly ay] ‘uo13da410d jooud pue Suipaidos o8iapun 01 194 sey 1nq ‘uonedijgnd o) paidadde pue pamalrai-1aad usaq sey Jaded siy|
(£¥T0°6T0TZ EIP/680T 0T :10a) Adeandde dwnd ulnsul ssasse 01 AS0jopoylaw [aA0OU Paseq-1al|l) uew|ey|
soninadesay] pue ASojouyda] sa1aqelq

*Ajuo asn [euos.ad 104 ‘6T/20/80 T Wod'gndiege | MMM WO spueisyeN usbuiuois jo A1sieAlun Ag papeojumoq



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 17 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

17
References:

. Jeitler K, Horvath K, Berghold A, et al.: Continuous subcutaneous insulin infusion versus

multiple daily insulin injections in patients with diabetes mellitus: systematic review and

meta-analysis. Diabetologia 2018; 51:941-951.

. Misso ML, Egberts KJ, Page M, et al.: Continuous subcutaneous insulin infusion (CSII)

versus multiple insulin injections for type 1 diabetes mellitus. Cochrane Database Syst.

Rev. 2010; CD005103.

. Orr CJ, Hopman W, Yen JL, & Houlden, RL et al.: Long-term efficacy of insulin pump therapy

on glycemic control in adults with type 1 diabetes mellitus. Diabetes Technol. Ther. 2015;

17, 49-54.

. Boughton CK & Hovorka R: Is an artificial pancreas (closed-loop system) for Type 1

diabetes effective? Diabet. Med. J. Br. Diabet. Assoc. 2018; 36(3):279-286.

. Miller KM, Foster NC, Beck RW, et al.: Current State of Type 1 Diabetes Treatment in the

U.S.: Updated Data From the T1D Exchange Clinic Registry. Diabetes Care 2015; 38, 971—
978.

. Foster NC, Beck RW, Miller KM et al.: State of Type 1 Diabetes Management and Outcomes

from the T1D Exchange in 2016-2018. Diabetes Technol Ther. 2019;21(2):66-72.

. 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 Diabetes Technology Working Group. Diabetes Care 2015; 38(4):716-
22.

8. 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; 1;6(5):1053-9.



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 18 of 33

18
9. International Medical Devices Database. Available at:

https://medicaldevices.icij.org/p/about. (Accessed: 29th November 2018)

10. Jackman WS, Lougheed W, Marliss EB, et al.: For insulin infusion: a miniature precision

peristaltic pump and silicone rubber reservoir. Diabetes Care 1980; 3, 322—-331.

11. Slama G, Hautecouverture M, Assan R, et al.: One to five days of continuous intravenous

insulin infusion on seven diabetic patients. Diabetes 1974, 23, 732-738.

12. Martin P & Genuth S: Normalization of insulin delivery to diabetics by pulsed insulin

infusion. IEEE Trans. Biomed. Eng. 1977: 24, 116-121.

13. Thomas LJ & Bessman SP: Prototype for an implantable micropump powdered by

piezoelectric disk benders. Trans. - Am. Soc. Artif. Intern. Organs 1975; 21, 516-522.

14. Spencer WJ, Bair RE, Carlson GA, et al.: Some engineering aspects of insulin delivery

systems. Diabetes Care 1980; 3, 345-350.

15. Jahn LG, Capurro JJ, & Levy BL: Comparative dose accuracy of durable and patch insulin

infusion pumps. J. Diabetes Sci. Technol. 2013; 7, 1011-1020.

16. Borot S, Franc S, Cristante J, et al.: Accuracy of a new patch pump based on a
microelectromechanical system (MEMS) compared to other commercially available insulin
pumps: results of the first in vitro and in vivo studies. J. Diabetes Sci. Technol. 2014; 8,

1133-1141.

17. 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 Jan;13(1):60-67.

18. Freckmann G, Kamecke U, Waldenmaier D et al.: Accuracy of Bolus and Basal Rate
Delivery of Different Insulin Pump Systems. Diabetes Technol Ther. 2019 Apr;21(4):201-
208

19. Bowen JL, Allender CJ.: A Comparative Pulse Accuracy Study of Two Commercially

Available Patch Insulin Infusion Pumps. Eur Endocrinol. 2016 Aug;12(2):79-84.



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 19 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

19
20. Zisser H1, 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 Nov 1;5(6):1509-18.
21. IEC 60601-2-24:2012 standard.

22.IEC 60601-2-24 Infusion pumps - what’s the story? MEDTEQ Available at:
https://www.medteq.net/article/2018/9/21/iec-60601-2-24-infusion-pumps-whats-the-
story. (Accessed: 28th November 2018)

23. Adolfsson P, Ziegler R & Hanas R: Continuous subcutaneous insulin infusion: Special needs

for children. Pediatr. Diabetes 2017; 18, 255—-261.

24. BIPM - Guide to the Expression of Uncertainty in Measurement (GUM) -
https://www.bipm.org/en/publications/guides/gum.html. Available at:
https://www.bipm.org/en/publications/guides/gum.html. (Accessed: 29th November
2018)

25. Reichmuth A, Wunderli S, Weber M, et al.: The Uncertainty of Weighing Data Obtained
with Electronic Analytical Balances. Microchim. Acta 2004: 148, 133-141.

26. Bequette B: W. Algorithms for a Closed-Loop Artificial Pancreas: The Case for Model
Predictive Control. J. Diabetes Sci. Technol. 2013: 7, 1632-1643.

27. Tauschmann M, Thabit H, Bally L et al.: Closed-loop insulin delivery in suboptimally
controlled type 1 diabetes: a multicentre, 12-week randomised trial. The Lancet 2018; 392,

1321-1329.

28. Diabeloop ‘Artificial Pancreas’ Approved in Europe -
https://www.healthline.com/diabetesmine/diabeloop-pre-artificial-pancreas-approved#2.
Available at: https://www.healthline.com/diabetesmine/diabeloop-pre-artificial-pancreas-

approved#l. (Accessed: 24th January 2019)

29. Toledo M & Reichmuth: A Estimating Weighing Uncertainty From Balance Data Sheet
Specifications. 21 (2000).



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 20 of 33

20
30. Zarchan P & Musoff H, American Institute of Aeronautics and Astronautics, Fundamentals

of Kalman Filtering: A Practical Approach, Fourth Edition, 2015.

31. Deiss D, Adolfsson P, Alkemade-van Zomeren M et al.: Insulin Infusion Set Use: European

Perspectives and Recommendations. Diabetes Technol Ther. 2016 Sep;18(9):517-24.

32. Obermaier K, Schmelzeisen-Red G, Schoemaker M, et al.: Performance evaluations of
continuous glucose monitoring systems: precision absolute relative deviation is part of the

assessment. J. Diabetes Sci. Technol 2013; 7, 824-832.

33. Zisser HC, Bevier W, Dassau E, et al.: Siphon effects on continuous subcutaneous insulin

infusion pump delivery performance. J. Diabetes Sci. Technol. 2010; 4, 98-103.

34. Pleus S, Kamecke U, Waldenmaier D et al.: Reporting Insulin Pump Accuracy: Trumpet
Curves According to IEC 60601-2-24 and Beyond. J Diabetes Sci Technol. 2019
May;13(3):592-596.

35. Riveline J-P, Jollois F-X, Messaoudi N, et al.: Insulin-pump use in everyday practice: data

from an exhaustive regional registry in France. Diabetes Metab. 2008: 34: 132-139.

36. Lee, N. & Joneja, A: A Methodology to Improve Manufacturing Precision in the Presence

of Workpiece Imperfections. J. Manuf. Sci. Eng. 1997; 119: 616-622.

37. Shinbrot T, Grebogi C, Wisdom J. et al.: Chaos in a double pendulum. Am. J. Phys. 1992;
60: 491-499.

38. Ghys E & Cho SJ: The Butterfly Effect. in The Proceedings of the 12th International
Congress on Mathematical Education (ed. Cho, S. J.) 19-39 (Springer International
Publishing, 2015).



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 21 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

21

Table 2: Mean error% and mean ARD% values for each flow rate experiment

Mean of 15-min interval insulin delivery error% is calculated for 2 Ul/h, 0.5 Ul/h and 0.1

Ul/h test. Mean ARD of insulin delivery error% is calculated for the same basal rates values

with multiple time intervals: 15, 30, 60, 120 and 240 minutes.

Flow rate Value (Ul/h) 2 Ul/h 0.5 Ul/h 0.1 Ul/h
Mean Error (%) 8.16 18.16 17
Mean ARD (%)15mn 12.7 20.4 65.7
Mean ARD (%)30mn 11.4 20.4 33.3
Mean ARD (%)eomn 10.2 19.2 20.8
Mean ARD (%)120mn 8.17 18.8 20.8
Mean ARD (%)240mn 8.17 18.8 18.4
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Legends

BL100 instrument (a) and it Coriolis flow sensor tube (b). The tube is brought into
resonance by Lorentz actuation. The Coriolis force Fc is a result of the mass flow ®Om

through the tube (Source: http://www.bronkhorst.com/blog/)

Fig. 1. Microfluidic mass flow meter Bronkhorst® BL100
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Fig. 2: New bench test setup

CSll is connected to a BL100 instrument that is itself connected to weighing scale. Kalman

filter carry out both instrument data linkage.
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Fig. 5: Insulin stroke-based flow rate and corresponding maxima stroke distribution

Instantaneous insulin flow rate for 2 Ul/h (A1) 0.5 Ul/h (B1) and 0.1 Ul/h (C1) basal rates
and flow rate maxima distribution for 2 Ul/h, (A2) 0.5 Ul/h (B2) and 0.1 Ul/h (C2) basal

rates.
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Supplemental data:

Bronkhorst= BL100 qualification for CSIl assessment

The Bronkhorst® BL100 is a leading edge technology for flow rate measurement. It is, to our
knowledge, the most accurate flow meter for smallest ranges. Nevertheless, our demand in
term of flow rate range in the context of CSll assessment remains too low and too specific
(stroke-based) for the BL100 to measure with acceptable uncertainties. We confirmed BL100
limitations through a lab experiment.

We connected a CSIl to a BL100 instrument to assess flow rate accuracy at 2UI/h, 1UI/h and
0.5Ul/h. Then, BL100 downstream insulin was weighted by a Mettler Toledo XPES6 scale (Fig.
1). Weight of insulin delivered over the time was compared with cumulative area under the
curve of BL100 measured flow rate (Fig 2).

MEW MEASUREMENT METHOD CONTROL METHOD

Inkulin Pump

SRRV

e it e re L ingirect now rate messurement

Fig 1: Setup to control BL100 uncertainty
CSllis connected to a BL10D instrument itself sonnected to weighing scale, CSII flow value is measured by the BL100 and then
controlled with the weighing scale

Flow Meter volume VS Weighing Scale Control

Volume Insulin Unit (u1/10)
= 8 8 8§ 8 8 3

=3

30 50 60
Time(hrs)

Fig 2. Comparison of delivered insulin weight over the time (red line) with a flow rate cumulative sum of area under the
curve (green ling).
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After a 60-hour test, we observed a 89.2% drift between method control and BL100
measurement.
Cumulative integrative of BL100 flow rate measured 58.2UI of delivered insulin while weighing
scale control measured 64.1U delivered insulin.

We hypothesis that observed drift between B100 and XPE56 measurement is a
consequence of stroke-based CSII delivery. CSIl system delivers a basal rate with micro-
boluses (or insulin strokes) over the time. Between strokes, flow rate performs a relaxation
phase for which the flow value gets closer to zero and for which metrological uncertainties of
the instrument increase (Fig 2b). Over the whole experiment, strong uncertainties
accumulation might be responsible for this drift (Fig 2a).

Fig 2a. ion for hy is on inty zone of drift

Scheme of insulin stroke based basal rate with correctly measured by BL100 (green line) and uncertainty zone of flow rate
measurement by BL100 (red line)

Bronkhorst Uncertainty Model: Uncertainty = fiflow rate)

® Original Noised Data
0 — Fitted Curve

2 3
Flow rate (UM}

Fig 2b. Mathematical model for BL100 measure uncertainty

Manufacturer information and qualification test gave errors on key flow rate points (black points). We fit an exponential model to
determine overall error model (red line).

Overall, the BL100 presents many advantages as the main instrument for a new CSlI
assessment method (easy to set up, direct flow measurement, time resolution).
Nevertheless, this system has some limitations in terms of measurement accuracy,
especially for low flow rate. A double measurement bench composed with BL100 and XPES6
weighing scale both optimized by Kalman filtering constitutes an interesting approach to fully
enjoy BL100 advantages and tackle issues from our specific flow rate features.
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Kalman Filter Validation

Filtering optimization methods are usually validated using an experimental qualification’.
Despite several attempts, and due to the specificity of flow and volume ranges, no setup has
been found to externally assess Kalman filter performance within our bench test.
Nevertheless, a validation approach of its performance has been done differently: by using
numerical indicators.

Initial conditions:

The use of a Kalman filter imposes to comply with specific conditions to ensure algorithm
efficiency?:

+ wis the process noise which is assumed to be drawn from a zero mean multivariate
normal distribution with process covariance Q. w ~ N(0,Q)

+ vis the observation noise which is assumed to be zero mean Gaussian white
noise with covariance R: v ~ N(O,R)

We first ensure process noise and observation noise are assumed to respect those conditions.
Process noise:

- Pkt o gt S I 2N i m Process Error istribution Eq: CSl at 2Uh

g

oo
Dersity

bl

e e : Ervor (U}
Fig 1. Distribution of process noise equations
MNormality tests are performed on distribution of the process noise equation 1 (left) and the process noise equation 2 (right)

Flow rate Value (Ul’h) 2Ulh 0.5Ullh 0.1Ullh
P-value Normality Test*: equation (1) <<10= <<10% <<10=
P-value Normality Test*: equation (2) <<10= <<10~ <<10=

Table 1: Normality tests results

*Normality test is a build-in SciPy function based on D'Agostino and Pearson3#

Observation Noise:

Measurement instrument manufacturer provides knowledge on observation noise and its
covariance. We ensured instruments uncertainties has zero-centered gaussian-like
distributions.
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Performances Indicators:
Several mathematical indicators return Kalman filter performance a posteriori.

Since raw weighing scale data is considered as a weak uncertainty measurement, root mean
square error (RMSE) indicator between weighing scale estimation (Vs and weighing scale
raw measurement (Vi) is used to verify that estimation remain close to raw data (
RMSE for 0.1Ul/h profile ~ 10°. RMSE are calculated for each test (Table 1).

3¢ gives Kalman filter estimation uncertainty at 99.7% confidence. The lower its value, the
stronger the optimization of the flow rate (3¢ for 0.1Ul/h ~ 10+) (Fig. 2b).We also ensured 3o
curve does not diverge along the experiment. 3¢ uncertainties are calculated for each test
(Table 1).

Insulin Volume Weight

® Volume measurement
04 Volume Oplir

Fig. 2a Optimized insulin volume.

‘Green dot: raw volume measurement. Yellow: Kalman filter estimated volume.

Insulin Flowrate

[’ — Aigorithm uncertainty
Measurement flowrate

Optinized fiowrate
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Fig 2b. Optimized insulin flow rate
Up: Estimated flow rate by the Kalman filter (yellow) with flow rate raw measurement (green) and Kalman estimation uncertainty
al 3o (blue),

For each basal rate profile, flow rate 3o covariance and RMSE between estimated and raw
measured volume is given. The results remain close to zero suggesting the high reliability of
the Kalman estimated data (Table 1).

Flow rate Value (Ul/h) 2Ulh 0.5 Ullh 0.1 Ulh
RMSE (Vie/Vy) 1.96e-5 2.19e-6 3.47e-5
3oy 6.3e-6 1.6e-4 2.3e-4

Table 2: RMSE and 30y between Kalman estimated and measured volume

Kalman process innovation:

Kalman process innovation ‘y’ is the difference between observation and model prediction
(projected in the measurement space). Checking that process innovations have Gaussian and
zero-centered distributions ensures that its elements (predicted states and observations) are
similarly distributed. Fig. 3 highlight Gaussian zere-centered distribution respectively

for g and v states estimation.

14000

¢ - e
00002 -00001 00000 00001 00002

Fig 3. Innovation distributions
Gaussian zero-centered distribution of flow rate estimation (left) and volume estimation (right).

Flow/volume range of CSIl system prevents an external assessment of our new developed
bench test. Mathematical and self-evaluation indicators constitutes an approach for Kalman
filter validation.

31



Page 32 of 33

32

Pressure
(mbar)

w
2
E
g
W
H
g

'J00.d s1y1 wouy Ja4ip Aew uoisiaA paysijgnd |euly syl ‘uo1323.4402 Jooud pue unipsaAdod o3ispun 01 194 sey 1nqg ‘uoliediignd Joj pa1dadde pue pamaiaal-iaad usaq sey Jaded siy|
(£¥10°6T0Z 2IP/680T 0T :10d) Adeandoe dwnd ulnsul ssasse 01 A3ojopoyiaw [9AOU paseq-Jal|l uew|ey
sonnadesay] pue ASojouyda] sa1aqgelq

*Ajuo asn [euos.ad 104 ‘6T/20/80 T Wod'gndiege | MMM WO spueisyeN usbuiuois jo A1sieAlun Ag papeojumoq



Downloaded by University of Groningen Netherlands from www.liebertpub.com at 08/07/19. For personal use only.

Page 33 of 33

Diabetes Technology and Therapeutics

Kalman filter-based novel methodology to assess insulin pump accuracy (DOI: 10.1089/dia.2019.0147)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

33
References:

1. Baruzzi, A., Bournaka, G., Heckenbach, J. & Kuschel, H. Experimental validation of Kalman
filter based tracking in passive radar systems. in 2015 IEEE Radar Conference (RadarCon)
1634-1637 (2015). doi:10.1109/RADAR.2015.7131260

2. Marquez, J. Time series analysis : James D. Hamilton, 1994, (Princeton University Press,
Princeton, NJ), 799 pp., US $55.00, ISBN 0-691-04289-6. Int. J. Forecast. 11, 494—495
(1995).

3. D’Agostino, R. & Pearson, E. S. Tests for Departure from Normality. Empirical Results for
the Distributions of b2 and V b1. Biometrika 60, 613—-622 (1973).

4. D'Agostino, R. B. An Omnibus Test of Normality for Moderate and Large Size Samples.
Biometrika 58, 341-348 (1971).



