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METHODS

SOM Note 1: Control algorithm for insulin administration

Empirical subject model

An empirical form is adopted for the subject model, with a single-input single-output (SISO) auto-regressive moving

average with exogenous (ARMAX) input structure, namely

A(z−1) yt = z−dB(z−1)ut + C(z−1)wt, (1)

where ut denotes the (input) insulin dose, yt denotes the (output) glucose concentration deviation from the reference

set point, wt is a white Gaussian noise sequence, d is the inherent system time-delay (dead-time), z−1 plays the role

of the unit delay shift operator, and the scalar polynomials A, B, and C are given by

A(z−1) = 1 + a1 z
−1 + a2 z

−2 + ...+ an z
−n,

B(z−1) = b0 + b1 z
−1 + b2 z

−2 + ...+ bm z−m,

C(z−1) = 1 + c1 z
−1 + c2 z

−2 + ...+ cp z
−p.

The model’s orders and delay may be determined beforehand from offline system identification analysis (1). The

model is then employed online in the integrated control system, whereby the model parameters are recursively updated

online (2–4), by first re-writing the model in regressor form (5), namely

yt = θT ψt + wt, (2)

where the regressor, ψt, and parameter vector, θ, are respectively given by

ψt := [−yt−1 ... − yt−n ut−d ... ut−d−m wt−1 ... wt−p ]T ,
θ := [ a1 ... an b0 ... bm c1 ... cp ]T . (3)

With online parameter estimates packed in a time-varying version of vector θ, namely θt, and the estimate ŵt :=
yt − ψT

t θt used in lieu of wt in ψt, the extended least-squares (ELS) method described by Lai and Wei (5, 6) follows

the scheme

θt = θt−1 +
Pt−1 ψt

1 + ψT
t Pt−1 ψt

et, (4)

Pt = Pt−1 − Pt−1 ψt ψ
T
t Pt−1

1 + ψT
t Pt−1 ψt

, (5)

where et := yt −ψT
t θt−1, and P0 is taken to be a positive definite matrix. As such, the subject model parameters can

be recursively estimated in realtime and passed to the online control algorithm, thereby providing an indirect adaptive

control strategy (2, 3, 6, 7).

Generalized predictive control

Basic predictive control
For the online glucose control algorithm, we propose generalized predictive control (GPC), which optimizes the

multi-stage quadratic cost function (7, 8) given by

JGPC =
Nm∑

k=Nd

δk ||C (rt+k − yt+k)||2 +
Nu∑
k=0

λk (Δut+k)2, (6)



where Nd and Nm are respectively the minimum and maximum (output) prediction costing horizon limits, Nu the

control horizon bound, δm the weighting on prediction error, and λn the weighting on control signals. For control

action with integral effect (7, 9), predictor formulation and control design are based on

A(z−1) yt = z−k B(z−1)ut + C(z−1)wt/Δ, (7)

with the corresponding Diophantine separation identity (6, 7) given by

C

AΔ
= Ek + z−k Fk

AΔ
, (8)

where Fk is the remainder polynomial corresponding to the monic quotient polynomialEk, the former and latter being

of respective orders n and k−1 in z−1, or, specifically, Fk = f0 + f1 z
−1 + ...+ fn z

−n and Ek = 1 + e1 z
−1 + ...+

ek−1 z
−(k−1). The best predictor ŷt|t−k is then defined (6, 7) to satisfy

yt = ŷt|t−k + Ek wt, (9)

which yields

C ŷt+k|t = Gk Δut+k−d + Fk yt, (10)

where Gk := EkB. Note that Gk is order ‘m+k−1’ in z−1, and can be written as Gk = g0 + g1 z
−1 + ... +

gm+k−1 z
−(m+k−1), with g0 = b0, since Ek is monic for all k. To implement the GPC aglorithm (6–8), we re-write

Eq. (10) as

C ŷt+k|t =
k−d∑
i=0

gi z
−iΔut+k−d + (Gk −

k−d∑
i=0

gi z
−i) Δut+k−d + Fk yt, (11)

where the first term on the right-hand side contains the only k−d future-terms (containing the sought control signal)

for any k. Taking Nd =d and Ny+1=Nu+1=:N , i.e. square prediction and control horizons of N steps, we apply

this over k=d→(Ny + d), and pack term contributions in the matrix-form equation given by

y = G u + G′u + F yt, (12)

where

y =

⎡
⎢⎢⎢⎢⎢⎢⎣

C ŷt+d|t
C ŷt+d+1|t

.

.

.
C ŷt+N+d−1|t

⎤
⎥⎥⎥⎥⎥⎥⎦

N×1

u =

⎡
⎢⎢⎢⎢⎢⎢⎣

Δut

Δut+1

.

.

.
Δut+N−1

⎤
⎥⎥⎥⎥⎥⎥⎦

N×1

G =

⎡
⎢⎢⎢⎢⎢⎢⎣

g0 0 0 . . .
g1 g0 0 . . .
. . . . . .
. . . . . .
. . . . . 0

gN−1 gN−2 . . . g0

⎤
⎥⎥⎥⎥⎥⎥⎦

N×N

G′u =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(Gd −
∑0

i=0 gi z
−i) Δut

(Gd+1 −
∑1

i=0 gi z
−i) Δut+1

.

.

.

(GN+d−1 −
∑N−1

i=0 gi z
−i) Δut+N−1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

N×1



and

F =

⎡
⎢⎢⎢⎢⎢⎢⎣

Fd

Fd+1

.

.

.
FN+d−1

⎤
⎥⎥⎥⎥⎥⎥⎦

N×1

.

The last two quantities in Eq. (12) are available at time t, as they are either directly measurable or depend only on past

measurements, and can be grouped into a vector f , leading to

y = G u + f . (13)

With δm = 1 and λn = λ, Eq. (6) can be re-written as

JGPC = (G + f − r)T (G + f − r) + λuT u, (14)

where r is the vector holding future set points, namely r = [C rt+d C rt+d+1 ... C rt+N+d−1]T . Further manipulation

of Eq. (14) leads to

JGPC = 1
2 uT Hu + bT u + f0, (15)

where

H = 2(GT G + λI), bT = 2(f − r)T G,

and

f0 = (f − r)T (f − r).

The unconstrained vector u minimizing JGPC can be found by inspection (7) of Eq. (15), and is given by

uGPC = −H−1b = (GT G + λI)−1GT (r − f). (16)

Since GT G ≥ 0, Eq. (16) gives a unique solution, provided λ > 0. Only the first control move is of interest at t,
namely

Δut = [ 1 0 0 ... 0 ] (GT G + λI)−1GT (r − f). (17)

The control increment or move in Eq. (17) is thus zero if the current setting and desired outcome coincide, that is if

r−f = 0, as it should (7). Finally, to deal with non-square horizons, which would only be permissible forNu < Ny,

G is replaced by GNu, where GNu is composed of the first Nu+1 columns of G, and u is replaced by uNu, which

contains the first Nu+1 elements of u, with everything else kept the same (7). Note that the generalized minimum

variance (GMV) control, with Ny = Nu = N − 1 = 0, is a special instance of GPC with square horizons (2, 3, 10).

Augmented control algorithm
Since excessive accumulation of insulin in the subcutaneous (SC) tissue (or in blood/plasma) could be detrimental, and

since such accumulation essentially depends on the input control signal, it can be augmented to the raw control cost

function of Eq. (6), with its minimization viewed as an additional control objective in the optimization process. The

resultant online control signal will therefore simultaneously (i) optmize the controller’s aggressiveness, (ii) minimize

insulin accumulation in the SC depot (and in plasma), and (iii) regulate glucose concentration to a preset set point. The

mathematical formulation governing the SC (and plasma) accumulation of exogenous insulin can be derived based on

nominal temporal values pertaining to its pharmacokinetics, i.e. its time-course of activity from SC tissue into plasma,

in terms of its absorption rate, peak absorption time, and overall time of action (perfusion into plasma). This has

already been analyzed in the literature (11) and the permeation of insulin from the SC tissue into plasma is known to

possess a typical profile, with the nominal values of its characteristic parameters being predominantly dependent on

the kind of insulin used. If p(t) is the concentration, measured in U/dl, of insulin in plasma as it is absorbed from

the SC depot (12), the pharmacokinetics of fast-acting insulin (11, 13) suggest that its evolution in plasma can be

governed by

p(t) = K U0 (e−α1t − e−α2t). (18)
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Ad-hoc superposition of the concentration, p(t), of serum insulin in plasma (dashed), in accordance with
Eq. (18), and outstanding accumulation, q(t), of insulin in the subcutaneous depot (solid), in accordance
with Eq. (19), following an impulse exogenous dose into the SC tissue.

where U0 is the subcutaneous-drug impulse dose in units (U), K is a constant, in dl−1, associated with the amplitude

of the impulse response of p(t), and α1 and α2 are positive constants in min−1 (or s−1, depending on t). The latter

three constants can all be identified from values of the peak absorption time, the peak absorption concentration, and

the overall time of action associated with the pharmacokinetics of insulin, which depends on the the type of insulin

used. A measure of the pending effect of the accumulated amount of insulin in the SC depot can be taken to be

the difference between the total area (
∫ ∞
0 p(τ) dτ , i.e. a measure of the total action over time due to dose U0) and∫ t

0 p(τ) dτ , i.e. a measure of the expended portion of U0. With the measure of the outstanding quantity of insulin in

the SC depot, denoted by q(t), we arrive at

q(t) =
∫ ∞

t
p(τ) dτ =

K U0

α1 α2
(α2 e

−α1t − α1 e
−α2t), (19)

which is shown in the figure above superimposed on p(t) for nominal values of the parameters α1, α2, U0, and K.

Assuming a delay of dq in detecting the SC accumulation and plasma effect following exogenous administration,

the discrete-time equivalent of Eqs. (18) and (19) can be written as

pk = (e−α1Ts + e−α2Ts)pk−1 − e−(α1+α2)Tspk−2 + 0uk−dq +K (e−α1Ts − e−α2Ts)uk−dq−1

=: −a1p pk−1 − a2p pk−2 + b0p uk−dq + b1p uk−dq−1 , bij =0 ∀ uj≥0 (20)

qk = (e−α1Ts + e−α2Ts)qk−1 − e−(α1+α2)Tsqk−2 +
K

α1 α2
(α2 − α1)uk−dq

+
K

α1 α2
(α1 e

−α1Ts − α2 e
−α2Ts)uk−dq−1

=: −a1q qk−1 − a2q qk−2 + b0q uk−dq + b1q uk−dq−1 , bij =0 ∀ uj≥0 (21)

where Ts is the sampling period.

Before augmenting Eqs. (20) and (21) to the original discrete-time model of Eq. (1), whose inherent units are

mg/dl, we re-scale both equations to switch their inherent units from U/dl and U min/dl (respectively) to mg/dl, so

that the computation (optimization) of the control signal is performed on an overall homogenous (augmented) system.

Such scaling factors can be defined by sp = (ȳ/U0)/K and sq = (α1 α2/(α2 − α1)) (ȳ/U0)/K, where ȳ/U0 is

the average blood-glucose excursion per time step (offset from reference) per unit input, U0. The value of ȳ/U0

can be viewed as an “augmentation factor” (or augmentation ratio relative to the yk-system), the range of which

can be estimated by testing the augmented algorithm in closed-loop glucose-control experiments. This quantity is a

key tuning knob that strongly determines the aggressiveness or conservativeness of the augmented control algorithm.



Upon scaling, a combined quantity can be conveniently defined as Φk := sp pk + sq qk, which is then augmented to

the original yk system of Eq. (1), thereby obtaining the single-input multiple-output model given by

A(z−1) yk = z−d B(z−1)uk + C(z−1) wk, (22)

where yk = [yk Φk]T , wk is a vector of two white-noise sequences, and

A(z−1) = I + A1 z
−1 + A2 z

−2 + ...+ An z
−n,

B(z−1) = B0 + B1 z
−1 + B2 z

−2 + ...+ Bm z−m,

C(z−1) = I + C1 z
−1 + C2 z

−2 + ...+ Cp z
−p,

with

A1 =
[
a1 0
0 a1q

]
, A2 =

[
ai 0
0 a2q

]
,

Ai =
[
ai 0
0 0

]
, ∀ i > 2,

B0 =
[

b0
sp b0p + sq b0q

]
, B1 =

[
b1

sp b1p + sq b1q

]
,

Bi =
[
bi
0

]
, ∀ i > 1, Ci =

[
ci 0
0 0

]
∀ i > 0,

and I is the 2 × 2 identity matrix. For simplicity, the same system delay, d, of Eq. (1) can be assumed between uk

and both pk and qk (i.e. dq = d). Since the multiple-output system is diagonal in A(z−1) and C(z−1), the yk- and

Φk-systems can be decoupled as far as parameter adaptation for the yk-system is concerned (the Φk-system being

static) (7). The ramifications of augmenting the Φk-system are also minimal in terms of the procedure for control

signal computation (7), since separate Diophantine identities can be handled for the yk- and Φk-systems. Coupling

between the two systems, via the same input signal, is relevant when solving for the optimal control signal (7),

whereby the matrix G is merely extended to give an analogous matrix, Ge, for the new system, constructed as

Ge =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

g0 0 0 . . .
g0Φ 0 0 . . .
g1 g0 0 . . .
g1Φ g0Φ 0 . . .
. . . . . .
. . . . . .
. . . . . 0

gN−1 gN−2 . . . g0
g(N−1)Φ g(N−2)Φ . . . g0Φ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2N×N

,

where entries giΦ pertain to the Φk-system, and are the analogues of entries gi in the yk-system. Vector f is also

adjusted accordingly to yield an extended version, f e, which is twice in length. The GPC signal is again given by

Eq. (17), except that Ge (or its first Nu + 1 columns for non-square horizons) and f e are used in lieu of G and f
respectively, in addition to using a trivially extended version, re, for r. The GMV control is recovered by setting

Ny = Nu = N − 1 = 0.



Specialized control signal
The current settings in our control algorithm are n = 2, m = 1, p = 0, Nd = d = dq = 1, and re = [0 0]T , which

yield the control signal given by

ut = ut−1 +
[ b0 (sp b0p + sq b0q) ] · (−N1−N2)

b20 + (sp b0p + sq b0q)2 + λ
, (23)

N1 =
[

b1 (ut−1 − ut−2)
(sp b1p + sq b1q) (ut−1 − ut−2)

]
, (24)

N2 =
[

(1− a1) yt + (a1 − a2) yt−1 + a2 yt−2

(1− a1pq) (sp pt + sq qt) + (a1pq − a2pq) (sp pt−1 + sq qt−1) + a2pq (sp pt−2 + sq qt−2)

]
, (25)

which, upon carrying out the dot product, becomes

ut = ut−1 − n1 + n2
b20 + (sp b0p + sq b0q)2 + λ

, (26)

n1 = b0 (b1 (ut−1 − ut−2) + (1− a1) yt + (a1 − a2) yt−1 + a2 yt−2), (27)
n2 = (sp b0p + sq b0q) ((sp b1p + sq b1q) (ut−1 − ut−2) + (1− a1pq) (sp pt + sq qt) +

(a1pq − a2pq) (sp pt−1 + sq qt−1) + a2pq (sp pt−2 + sq qt−2)), (28)

where a1pq = a1p = a1q and a2pq = a2p = a2q (as per Eqs. (20) and (21)). Upon computing the control signal

of Eq. (26) at every time step, parameters a1, a2, b0, and b1 are recursively updated in accordance with the ELS

algorithm of Eqs. (4) and (5). Additionally, a hard constraint, namely |ut| ≤ umax, is enforced on the control signal

during online operation, where umax is the maximum allowable insulin dose at any sampling period. For consistent

operation, the algorithm parameters and maximum insulin dose are set for a reference “canonical” body mass (e.g.

25 kg), and the online control signal is linearly scaled with the actual subject body mass in order to obtain the insulin

dose to be delivered.

SOM Note 2: Proportional-derivative algorithm for glucagon administration

A glucagon dose is triggered whenever blood-glucose concentration falls below set point or enters normal range with

a rapid descent (e.g. a descent ≥ 10 mg/dl per 5 min). A triggered glucagon dose is computed by the proportional-

derivative (PD) algorithm as follows:

Gdose(t) = kp (120− yt) + kd (yt−1 − yt)/Ts −Gpending(t); 0 ≤ Gdose(t) ≤ Gmax (29)

where Gmax is the maximum allowable glucagon dose, t is in discrete time, kp is the proportional gain, kd is the

derivative gain, Ts is the sampling period, and Gpending is an estimate of pending subcutaneous glucagon from recent

doses, which is deducted from Gdose and is computed as:

Gpending(t) =
90/Ts∑
k=1

Gdose(t− k)
(

1
2

)k Ts/G1/2

(30)

where G1/2 is an estimate of the average half life of subcutaneous doses of glucagon. Note that the estimate

Gpending(t) limits unnecessary subcutaneous accumulation of glucagon, and can be conservatively computed (erring

on the side of having somewhat extra glucagon occasionally) by assuming a short G1/2. A reasonable estimate for

G1/2 is ∼ 10 minutes, which is consistent with results from pre-clinical studies in diabetic swine (14–16) and with

the fast glucagon tmax values observed in subjects with type 1 diabetes in the present study.



SOM Note 3: Inferring PK parameters from measured lispro levels

Insulin PK was approximated by a two-exponential model. In the control algorithm, the insulin PK model is dis-

cretized and augmented to an input-output empirical model that relates BG and insulin dosing. This augmentation

equips the algorithm with a capability to estimate the diffusion of delivered subcutaneous insulin into blood, as well

as the overall subcutaneous accumulation of insulin. Thus, in light of the evolution of BG and the history of subcu-

taneous doses of insulin, the insulin PK model allows the control system to determine at every time step whether to

deliver more insulin or refrain.

The two time constants inherent in the two-exponential model for insulin PK represent the two key parameters

for estimating the time for subcutaneous insulin to peak in blood as well as the time for its (95%) clearance from

blood. Based on measured plasma-insulin levels and the subcutaneous doses of insulin that were delivered by the

control system in each experiment, a least-squares (LS) approach is used to determine the two parameters that would

provide the PK fit that best correlates the subcutaneous doses of insulin with the plasma-insulin levels. In the process,

two-exponential PK models with identical time constants are assigned to all delivered subcutaneous doses, each from

its time of delivery. The union effect from the PK models of all doses (each of a different time of origin) is then

computed to provide an estimate of the aggregate appearance of insulin in blood at every time step, based on all

prior doses at each time point. Starting with parameters associated with near-zero time to peak, a (squares) error is

computed between insulin levels in blood that are provided by this estimate and the measured plasma-insulin levels.

The time constants are progressively increased (i.e. the PK model is progressively stretched) until the minimum error

(LS error) is converged upon, i.e. when a turning point in the computed error is encountered. The values for the time

constants corresponding to the LS error determine the best PK fit in each experiment, and are used to approximate the

time for subcutaneous insulin to peak in blood as well as the time for its (95%) clearance from blood for each subject.

The optimal time constants obtained from each closed-loop experiment were also used to simulate the PK response to

a hypothetical subcutaneous dose of insulin, i.e. to depict an impulse response. These simulations are superimposed

in the right panels in Fig. 4 of the main text.

SOM Note 4: Exclusion criteria

Subjects were also excluded if they used medications for BG control other than insulin or medications that affected

gastric motility, had a history of impaired gastric motility requiring treatment, anemia, renal insufficiency, abnormal

thyroid function, elevated alanine amino transferase, untreated hypertension, coronary artery disease, heart failure, or

seizures.

SOM Note 5: Macronutrition content of meals

Meals provided a total of 30 kcal/kg/day for men and 25 kcal/kg/day for women. The division of energy intake

between meals followed common patterns, with 45% of the daily caloric intake occurring at dinner, 25% at breakfast,

and 30% at lunch. The macronutrient content of meals was designed to provide different challenges to BG control.

The percentage of calories provided as carbohydrate, protein, and fat was divided as follows: Dinner – 45%, 22.5%,

32.5%; Breakfast – 60%, 15%, 25%; Lunch – 50%, 20%, 30%. The subjects were required to finish the entire meal

within 30 minutes of receiving it. Other than the meals provided, subjects were not be allowed to consume any other

food items or drinks besides water or diet drinks that contain negligible calories.

SOM Note 6: Intervention criteria for hypoglycemia

Oral carbohydrates (15 g) were given for treatment of hypoglycemia if the BG was below 60 mg/dl for 4 consecutive

measurements (20 min) or below 50 mg/dl for 2 consecutive measurements (10 min), or if the subject complained

of hypoglycemic symptoms at any time when BG was less than 60 mg/dl. If three doses of oral carbohydrates were

required in 1 hr, the protocol was discontinued and the BG was stabilized in the normal range.
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Glucagon (6PM−9:45AM: Total=0.1920 mg)
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Fig. S2. First closed-loop experiment in #108 using controller with fast PK parameter settings, where no
carbohydrate intervention was required. In this subject’s case (and in Figs. S3–S7) the disparity between
the subject’s measured lispro PK and the model-estimated lispro PK predicted online by the controller us-
ing fast PK parameter settings was not as large as in subjects with carbohydrate-requiring hypoglycemia
(Figs. S8–S12). In this subject’s case, blood samples obtained after 3:20 on the second day were deter-
mined to be hemolyzed. Both the main and blood-sparing IV lines failed before 10:00 on the second day
(the main IV line failed after a total of 15.75 hours past 18:00 on admission day). Note, meals are indi-
cated by multicolored rectangles, where blue indicates carbohydrate (C), green indicates protein (P), and
brown indicates fat (F); the height of each rectangle is proportional to the total daily macronutrient content
(indicated by percentages). See caption for Fig. 1A in main paper.
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BG  (6PM−6PM: 142  50 mg/dl,    HbA1c  6.57 %,  [BGmin, BGmax]=[67, 264])

Carbohydrates:  111g (6PM),  82g (7AM),  82g (12PM)

Insulin (6PM−6PM: TDD=58.6U [0.80U/kg], bolus=43.5U [0.60U/kg], basal=15.2U [0.21U/kg])
Glucagon (6PM−6PM: Total=0.2530 mg)
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Fig. S3. First closed-loop experiment in #110 using controller with fast PK parameter settings, where no
carbohydrate intervention was required.
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BG  (6PM−6PM: 128  52 mg/dl,    HbA1c  6.09 %,  [BGmin, BGmax]=[66, 264])

Carbohydrates:  108g (6PM),  80g (7AM),  80g (12PM)

Insulin (6PM−6PM: TDD=57.3U [0.67U/kg], bolus=41.3U [0.49U/kg], basal=16.1U [0.19U/kg])
Glucagon (6PM−6PM: Total=0.3770 mg)
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Fig. S4. First closed-loop experiment in #117 using controller with fast PK parameter settings, where no
carbohydrate intervention was required.
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BG  (6PM−3:20PM: 156  57 mg/dl,  [BGmin, BGmax]=[80, 267])

Carbohydrates:  103g (6PM),  76g (7AM),  76g (12PM)

Insulin (6PM−3:20PM: TDD=83.8U [1.03U/kg], bolus=64.8U [0.80U/kg], basal=19.0U [0.23U/kg])
Glucagon (6PM−3:20PM: Total=0.1195 mg)

A

B

Fig. S5. First closed-loop experiment in #119 using controller with fast PK parameter settings, where
no carbohydrate intervention was required. In this subject’s case, blood samples were determined to be
hemolyzed. The blood-sparing line failed shortly after 23:00 on admission day and the experiment was
discontinued at 15:20 on the second day due to failure of the main IV line (a total of 21.33 hours past 18:00
on admission day).
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BG  (6PM−6PM: 137  55 mg/dl,    HbA1c  6.39 %,  [BGmin, BGmax]=[74, 275])

Carbohydrates:  87g (6PM),  64g (7AM),  64g (12PM)

Insulin (6PM−6PM: TDD=54.0U [0.79U/kg], bolus=40.6U [0.59U/kg], basal=13.4U [0.20U/kg])
Glucagon (6PM−6PM: Total=0.2205 mg)
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Fig. S6. First closed-loop experiment in #126 using controller with fast PK parameter settings, where no
carbohydrate intervention was required.
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BG  (6PM−6PM: 137  41 mg/dl,    HbA1c  6.40 %,  [BGmin, BGmax]=[74, 229])

Carbohydrates:  144g (6PM),  107g (7AM),  107g (12PM)

Insulin (6PM−6PM: TDD=68.9U [0.73U/kg], bolus=48.3U [0.51U/kg], basal=20.6U [0.22U/kg])
Glucagon (6PM−6PM: Total=0.3200 mg)
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Fig. S7. First closed-loop experiment in #128 using controller with fast PK parameter settings, where no
carbohydrate intervention was required.
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BG  (6PM−6PM: 144  65 mg/dl,    HbA1c  6.65 %,  [BGmin, BGmax]=[47, 287])

Carbohydrates:  123g (6PM),  91g (7AM),  91g (12PM)

Insulin (6PM−6PM: TDD=73.3U [0.91U/kg], bolus=58.4U [0.72U/kg], basal=14.9U [0.18U/kg])
Glucagon (6PM−6PM: Total=0.4415 mg)
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Fig. S8. First closed-loop experiment in #115 using controller with fast PK parameter settings, where
carbohydrate intervention was required. In this subject’s case (and in Figs. S9–S12), the disparity between
measured lispro PK in this subject and the online PK prediction by the controller using fast PK parameter
settings (C) led to an excessively high lispro concentration in the late post-prandial period, which resulted in
hypoglycemia apparently refractive to micro-doses of glucagon. Consequently, carbohydrate intervention
was required. Note, carbohydrate intervention (15 g) is indicated along the timeline in (A) by a black
rectangle.
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BG  (6PM−1:30AM: 208  112 mg/dl,  [BGmin, BGmax]=[37, 357])

Carbohydrates:  111g (6PM)

Insulin (6PM−1:30AM: TDD=52.3U [0.60U/kg], bolus=46.0U [0.53U/kg], basal=6.3U [0.07U/kg])
Glucagon (6PM−1:30AM: Total=0.3605 mg)
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Fig. S9. First closed-loop experiment in #121 using controller with fast PK parameter settings, where
carbohydrate intervention was required. In this subject’s case, closed-loop control was discontinued at
1:30 on the second day after intervention with IV dextrose (a total of 7.5 hours past 18:00 on admission
day).
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BG  (6PM−6PM: 137  73 mg/dl,    HbA1c  6.39 %,  [BGmin, BGmax]=[45, 298])

Carbohydrates:  167g (6PM),  124g (7AM),  124g (12PM)

Insulin (6PM−6PM: TDD=95.1U [0.86U/kg], bolus=77.5U [0.70U/kg], basal=17.6U [0.16U/kg])
Glucagon (6PM−6PM: Total=1.0715 mg)
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Fig. S10. First closed-loop experiment in #122 using controller with fast PK parameter settings, where
carbohydrate intervention was required.
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BG  (6PM−6PM: 164  89 mg/dl,    HbA1c  7.33 %,  [BGmin, BGmax]=[45, 360])

Carbohydrates:  138g (6PM),  102g (7AM),  102g (12PM)

Insulin (6PM−6PM: TDD=106.6U [1.17U/kg], bolus=89.4U [0.98U/kg], basal=17.2U [0.19U/kg])
Glucagon (6PM−6PM: Total=0.6095 mg)
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Fig. S11. First closed-loop experiment in #129 using controller with fast PK parameter settings, where
carbohydrate intervention was required.
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BG  (6PM−6PM: 129  68 mg/dl,    HbA1c  6.11 %,  [BGmin, BGmax]=[32, 269])

Carbohydrates:  121g (6PM),  89g (7AM),  89g (12PM)

Insulin (6PM−6PM: TDD=66.5U [0.84U/kg], bolus=53.7U [0.68U/kg], basal=12.8U [0.16U/kg])
Glucagon (6PM−6PM: Total=0.8155 mg)
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Fig. S12. First closed-loop experiment in #132 using controller with fast PK parameter settings, where
carbohydrate intervention was required.
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BG  (6PM−6PM: 176  57 mg/dl,    HbA1c  7.74 %,  [BGmin, BGmax]=[99, 286])

Carbohydrates:  122g (6PM),  90g (7AM),  90g (12PM)

Insulin (6PM−6PM: TDD=56.9U [0.71U/kg], bolus=38.3U [0.48U/kg], basal=18.6U [0.23U/kg])
Glucagon (6PM−6PM: Total=0.0015 mg)

A

B

20

40

60

80

Plasma insulin and glucagon (#115−3)

In
su

lin
 (

IU
/m

l)

15
:0

0

16
:0

0

17
:0

0

18
:0

0

19
:0

0

20
:0

0

21
:0

0

22
:0

0

23
:0

0

0:
00

1:
00

2:
00

3:
00

4:
00

5:
00

6:
00

7:
00

8:
00

9:
00

10
:0

0

11
:0

0

12
:0

0

13
:0

0

14
:0

0

15
:0

0

16
:0

0

17
:0

0

18
:0

0 

 

Measured insulin Predicted insulin PK fit (tmax =  46 min, t95% = 4.6 hr)
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Fig. S13. Second closed-loop experiment in #115 using controller with slow PK parameter settings, where
no carbohydrate intervention was required. In this subject’s case (and in Figs. S14–S18) the slow PK
parameter settings led to improved online insulin PK estimation by the controller, and no carbohydrate
intervention was required.
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BG  (6PM−6PM: 179  75 mg/dl,    HbA1c  7.87 %,  [BGmin, BGmax]=[64, 319])

Carbohydrates:  139g (6PM),  103g (7AM),  103g (12PM)

Insulin (6PM−6PM: TDD=70.7U [0.77U/kg], bolus=51.9U [0.57U/kg], basal=18.8U [0.21U/kg])
Glucagon (6PM−6PM: Total=0.2510 mg)
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Fig. S14. Second closed-loop experiment in #121 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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BG  (6PM−6PM: 155  57 mg/dl,    HbA1c  7.04 %,  [BGmin, BGmax]=[69, 264])

Carbohydrates:  163g (6PM),  120g (7AM),  120g (12PM)

Insulin (6PM−6PM: TDD=62.7U [0.59U/kg], bolus=40.4U [0.38U/kg], basal=22.3U [0.21U/kg])
Glucagon (6PM−6PM: Total=0.2680 mg)
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Fig. S15. Second closed-loop experiment in #122 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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BG  (6PM−6PM: 198  72 mg/dl,    HbA1c  8.52 %,  [BGmin, BGmax]=[92, 333])

Carbohydrates:  137g (6PM),  101g (7AM),  101g (12PM)

Insulin (6PM−6PM: TDD=76.4U [0.85U/kg], bolus=55.0U [0.61U/kg], basal=21.4U [0.24U/kg])
Glucagon (6PM−6PM: Total=0.0285 mg)
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200

400

G
lu

ca
go

n 
(p

g/
m

l) Measured glucagon (AUC = 1879 pg.hr/ml) PK fit (tmax =  22 min, t95% = 2.2 hr)

C

Fig. S16. Second closed-loop experiment in #129 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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BG  (6PM−6PM: 157  69 mg/dl,    HbA1c  7.10 %,  [BGmin, BGmax]=[76, 293])

Carbohydrates:  117g (6PM),  87g (7AM),  87g (12PM)

Insulin (6PM−6PM: TDD=52.2U [0.68U/kg], bolus=36.2U [0.47U/kg], basal=15.9U [0.21U/kg])
Glucagon (6PM−6PM: Total=0.2055 mg)
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Fig. S17. Second closed-loop experiment in #132 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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BG  (6PM−6PM: 154  51 mg/dl,    HbA1c  6.98 %,  [BGmin, BGmax]=[78, 266])

Carbohydrates:  111g (6PM),  82g (7AM),  82g (12PM)

Insulin (6PM−6PM: TDD=43.3U [0.59U/kg], bolus=27.2U [0.37U/kg], basal=16.1U [0.22U/kg])
Glucagon (6PM−6PM: Total=0.0840 mg)

A

B

20

40

60

80

Plasma insulin and glucagon (#110−3)

In
su

lin
 (

IU
/m

l)

15
:0

0

16
:0

0

17
:0

0

18
:0

0

19
:0

0

20
:0

0

21
:0

0

22
:0

0

23
:0

0

0:
00

1:
00

2:
00

3:
00

4:
00

5:
00

6:
00

7:
00

8:
00

9:
00

10
:0

0

11
:0

0

12
:0

0

13
:0

0

14
:0

0

15
:0

0

16
:0

0

17
:0

0

18
:0

0 

 

Measured insulin Predicted insulin PK fit (tmax =  69 min, t95% = 6.9 hr)
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Fig. S18. Second closed-loop experiment in #110 using controller with slow PK parameter settings, where
no carbohydrate intervention was required. In this subject’s case (and in Figs. S19–21) the first experiment
revealed a relatively fast lispro PK and did not require carbohydrate intervention. In this repeat experiment,
where the control algorithm used slow PK parameter settings, no hypoglycemia occurred and there was
only a minimal increase in mean BG relative to the first experiment.
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Fig. S19. Second closed-loop experiment in #117 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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Fig. S20. Second closed-loop experiment in #126 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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Fig. S21. Second closed-loop experiment in #128 using controller with slow PK parameter settings, where
no carbohydrate intervention was required.
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