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One kite passing food to another mid-flight.
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Simulatin: NSOl O Artificial Pancreas
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Background

Glucose Sensing
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Background Data Analysis
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620 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 61, NO. 3, MARCH 2014

Modeling the Glucose Sensor Error

Andrea Facchinetti, Simone Del Favero, Giovanni Sparacino, Jessica R. Castle, W. Kenneth Ward,
and Claudio Cobelli*, Fellow, IEEE
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Background
Simulating Sensor Error Building the Model

Research °

Data Used for Model
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Trial Details

® 19 patients with TIDM
® FEach subject had 2 sessions of 9 hours each

® 4 Dexcom Seven Plus CGMs were worn by each subject
® HemoCue Glucose 201 Analyzer measurement every 15 minutes
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Simulating Sensor Error
rch L 2]

Model Structure

Building the Model
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Simulating Sensor Efror Building the Model
Re rch Update

Step 1: Transport of Glucose

Glucose

Sensor
® Glucose

¥ Insulin

First-Order Model

yic(t) = h(t) *ypc(t)
n(t) = 2t/

T Plasma: V1 Interstitial Fluid: V2

Fig. 1. Model describing plasma (C;) and interstitial fluid (ISF; Cy)
glucose kinetics assuming glucose equilibrates by diffusion (D =
k21V1 = ki2V2) and is cleared from ISF by tissue surrounding the
sensor (clearance = kg,V,), where V; and V, represent plasma
volume and ISF distribution volume seen by the sensor, respectively.

o Linear, time invariant kinetics

o Static gain equal to 1
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Simulating Sensor Efror Building the Model
Research Update

Step 2. Sensor Measurement

¢ Sensor converts raw current o glucose concentration
¢ Normally, linear calibration is done
¢ Due fo driff in fime, infroduce time-varying terms

YiG,, (t) = ai(t)yic,(t) + bi(t)
Lll'(t) = i ﬂiktk
k=0

I
bi(t) = Y byt
k=0

* Select parameters m and [ by minimizing Bayesian information
criterion (BIC) index
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Background

Simulating Sensor Erro Building the Model
ch rte

Time-Varying Calibration Parameters

ABIC
o T o wem)
I
Determining m and [ 30 I i . 1
I
® BIC =dIn(RSS) + pIn(d). 20t | = |
where d is the fotal number of I : _:_
CGM data available in each 10 | | 1
individual and p = m + 1 + 2 4 | f
® RSSis the residual sum of o= """[ A e
squares ~10t | | o i
® |ower BIC is preferred | |
-20} I
® Consideredm = [ for 1,2, and 3 0 : o+ :
® 7,4;(t). and b;(t) determined by | -30t I v |
nonlinear least squares — + |
ol - - ]
constant linear vs quadratic
vs linear quadratic vs cubic

Result: m = | = 1 provided the best explanation of the data T
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Simulating Sensor Error Building the Model
R rch Update

Resulting Parameters

Probability

t % a, %10 b b
0.12 1 300 8 : 25
T
0.4 osl 250 R
6
0.08 | 200 s
06 15
0.06 150 4
0.4 1
0.04 100 3
5 2
0.02 o 50 ; 08
0 0 0 0
o 10 20 0 1 2 -0.01 0 0.01 =200 0 200 =05 0.5
Time (minutes) i Adimensional mg/dl mg/diimin
TABLE I

MEDIAN, STH AND 95TH PERCENTILES VALUES FOR MODEL PARAMETERS
T, dg, a1, by, by, AND PERCENTAGE OF VALUES ESTIMATED WITH A
COEFFICIENT OF VARIATION CV < 10% AND CV < 30%

Percentile % of values estimate with
Parameter  50°7 5t 95t CV <10% CV < 30%
7 6.7 22 2.5 97% 97%
ao 11 0.5 24 100% 100%
a 00002 -0.0044  0.0012 79% 94%
bo 148 2259 634 83% 95%
by 0.04 -0.14 0.70 77% 94%
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Bc ground

Simulating Sensor Error Building the Model
Research Update

Step 3: Additive Measurement Noise

e Zero-mean random noise
¢ Use autoregressive model of order to be determined

Ui(t) = kizllxikvi(t — k) + wi(t)

w;(t) ~ N(0,0%,)

¢ Need to determine wj, (75,,., and g for each sensor signall
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Measurement Noise Model

Raw residuals

——— CGM (sensor 1)
== CGM (sensor 2)
CGM (sensor 3)

= = = CGM (sensor 4)
Common component

Glucose (mg/d)

I L N
200 250 300
Residuals after elimination of the common component

Glucose (mg/di)

——— CGM (sensor 1)
= CGM (sensor 2)

CGM (sensor 3)
~ CGM (sensor 4)

Time (min)

Observations

® After considering Steps 1 and 2, remaining residuals are highly correlated

® Remaining common component indicates first two steps were suboptimal
® After removing common component, residuals no longer correlated
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Background
Building the Model

Determining Porame’rers

o Compute residual profile
I gy Lo
resi(t) = ycom(t) — () aut"(ze™ T xypa(t)) + ) byt")
k=0 t k=0
e Consider common component from suboptimal modeling
1 n
= =) resi(t)
i3

¢ After subtracting common component, use AR process

0;(t) = res-(t) —cc(t)
Z D‘zkvl + wl( )
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Determining Order of AR Models

Common Component Measurement Noise
Order selected by BIC Order selected by BIC
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Background

Simulating Sensor Error Building the Model
Research Update

Population Model

Population values for measurement noise

cc(t) = 1.23cc(t — 1) — 0.3995cc(t — 2) + wee(t)

0(t) = 1.0139(t — 1) — 0.21359(t — 2) + w(t)
wee(t) ~ N(0,11.3mg?/dI?)

w(t) ~ N(0,14.45mg>/dI?)

T
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Comparing MARD for Model Components

Conclusions
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Conclusions

Conclusions

¢ This work improved on previous efforts to simulate sensor error

o Common component suggests that glucose transport and/or
calibration models are suboptimal

* Based on the MARD, the calibration error and drift is the main
source of error
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ickground Implementing Model in Simulator

Simulatin nsor Errol
Research Update

Adding Sensor Error to Simulator
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Implementing Model in Simulator

Testing Measurement Noise
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Implementing Model in Simulator

Research Update

Testing Measurement Noise
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Research Update

Measurement Noise Model
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Impact on Control

Research Update

Example of Control with Error
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Simulatir o] 0
Research Update Future Plans

Ideas for Further Research

o Systematically change model parameters to find ROI for improved
sensor performance

¢ Test sensor noise for both PID and zone MPC

¢ Improve upon this model with further investigation of glucose
transport model

T
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