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Apply PILCO to control an agent-based model of sepsis
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What is sepsis?

= A harder question than it sounds

Cortisol — initial elevated cortisol release with Nervous system

“uie . . _SI_LII‘bseqduer:jt SUPP"ZS_SI_';’Q | dor Central - encephalopathy/delirium
Yrol erange: release and/or lower P f ’ .
— A “life-threatening organ dysfunction due to  Hirmecioe: Auonomlc fght o lght sympsthec

Insulin — hyperglycaemia from gluconeogenesis, erioheral — neuropathy if prolonged illness

a dysregulated host response to infection” e rerpne e Tpreengeet
[1]‘ (‘:ard_iovasculgrsyst‘gm -

— Traditionally thought of as over- Immune system

inflammation [2], but this has changed. An initial overall proinflammatory balance

. o , followed by an overall anti-inflammatory state
" Statistics are difficult to pin down, but:  \yith ensuing innate and adaptive immune

— affects roughly 2% of hospital inpatients [4]; dysfunct‘lon and immune- tolerant state

— results in in-hospital mortality of Sl garos
approximately 10% [1, 4]; and et ot depositon and, i

Musculoskeletal system severe, disseminated intravascular coagulation
Severe myopathy if prolonged illness

Respiratory system
Non-cardiogenic nulmonarv oe dema/acute

— costs the US healthcare system
apprOXimately SZO bi”ion annua”y [1]. Fig 1. Effects of sepsis by organ system. TSH = thyroid-stimulating hormone

Figure reproduced from [3]

= Current treatment is largely supportive.
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Cytokine Mediation

= Cytokines are key players in the immune
response

— Signaling molecules that provide main
interface between cells in immune response

= Can we modulate the cytokines to
mitigate sepsis?

— Previous efforts to treat sepsis via cytokine
mediation have failed

= Hypothesis:

— Cytokine mediation requires a more
sophisticated control strategy

Cells
Cytokines

Cell-to-cell messages
via cytokines:
Nearly bipartite
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Agent-based Modeling

Damage

= System is modeled as a collection of
“agents” that follow designer-specified
rules, yielding emergent behavior

— Rules can include switching, other behaviors
not implementable in DEs

= Simple examples: immune
P pies: Cells

— Particles in a box, following laws of
Newtonian Physics = ideal gas model
— Rabbits and grass

» Rabbits move to seek grass, eat grass, seek
other rabbits, reproduce

» Grass replicates itself

« = 2-state population dynamics

class Agent():
def step():
#modify self, environment;.other agents

self.posnew = self.pos + self.v
if self.posnew through wall:
self.posnew, self.v=
wallreflect(self.pos, self.v)
self.pos = self.posnew

T=100; t = 0; agents = [...]; done = False
while not done:

agent in agents:
gent.step() #could set done = True

t=t+1

ift>T:
done = True
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Sepsis ABM

Spatially Fixed

cytotoxin entities

endotoxin Infection

PMN
(Neutrophil)

Toxins and Cytokines
(Environment)

”OXy”
(Endothelial
Cell)

Cell-to-cell messages
via cytokines:
Nearly bipartite

Immune Cells
(Mobile Agents)

See [5, 6] for sepsis ABM implementation
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PILCO

Probabilistic Inference for Learning COntrol

= Developed by M. Deisenroth, now of Imperial College London, under Carl Rasmussen
(Cambridge) [7]

= Traditional control theory:
— Use first-principles models of a system’s dynamics
— Control policy: observes system and emits control actions
— Optimize policy with respect to a cost function on the system’s behavior
— Doesn’t work if you don’t have a system model

= Key PILCO ideas:

— Learn a data-driven probabilistic model of the system’s transitions s;, a; — S¢41
— Closed-form approximate gradients of expected cost J with respect to the policy parameters 6.

PILCO models the state transition dynamics as a Gaussian process
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PILCO

Probabilistic Inference for Learning COntrol

= Assume there is learnable structure in the system dynamics

Policy
ar = n(s¢|0)

Sepsis ABM
St+1 < St, A
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Re-optimize policy:
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PILCO

Probabilistic Inference for Learning COntrol

* Ser1=Se+ f(spa) o, f"’GP(O» kSE(S:S,)): w~N(0,Zy,)
ap = w(5¢6) = Amax 0 (Liq arexp(—7 (s —my)'A™* (s — my))
0 ={a, my,..,a,m, A1}
Update 6 by gradient descent on the approximate expected cost J(0).
C(s) =1 —exp(=1/2 (s — g)'Q(s — 9))
J(0) = Ep (s, 1 [se, m(5¢10)) s [Ze=1 € (50)]

Passing uncertain p(s;|s;_1, a;—1) through GP f results in non-Gaussian
p(S¢4+1|5¢, ag); repeated Gaussian approximations by moment matching.
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Experiment 1
PILCO applied to a simplified sepsis model

= Fully deterministic 5-state, nonlinear

dynamical system with one control bk
09+ £
— Hand tuned: R
* If no infection and small health damage, slowly =
recovers g

* If any infection, it begins to grow

Infection 0.5

» Small region of stability around the goal state

0.4
(full health, zero infection; lower right) results: sl
~45 of 156 selected initial conditions “saved”
0.2
= Results: =

S i e g, i
0 S [ A A T

— Linear optimal identification and control 3 e ——— -
usaven 85 Health: -1: dead, 0: healthy

— PILCO-designed controllers “save” up to 147

(,'“l
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Experiment 2
PILCO applied to the sepsis ABM

= Stochastic, 101x101 grid 6 cell types
(agents), 12+ cytokines and diffusible
chemicals; 12 controls.

= For PILCO:

— s; represented as a spatial average of health
state, infection, 3 diffusible molecules, one
cell count.

— Controls: one pro-inflammatory cytokine,
and one anti-inflammatory

— PILCO finds a policy that saves 2471/2500
randomly selected patients from a cohort
with approximately 50% mortality in the
absence of control.
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Experiment 2
PILCO applied to the sepsis ABM

1.2~ Trial 1

——HealthDamage
—— ControlTNF
1 —— ControllL10
Initial 0.8
— l
Injuries .
' ~ TNF (pro-inflammatory)
0.4 \IWW Control
0.2 PU\J
Recovered
_> 0H L——— L-M'm‘
02
04 r”TW | IL-10 (anti-inflammatory)
e Learr}inq Cycle 1 | . < | Leaming Cycle 2 . B | Leaming Cylcle 3 - ‘ContrOI |
"o 100 200 300 400 500 600 700 800

ABM Step (Time)

PILCO finds a simple pro-inflammatory policy that is effective for many virtual patients
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Conclusions (?) and Future Work
What does a counter-intuitive policy tell you?

= Historically, sepsis has been viewed as a hyper-inflammatory disorder, and so
decreasing inflammatory cytokines and increasing anti-inflammatory cytokines seems
logical.

= The highly-effective policy found with PILCO is pro-inflammatory.

= Finding counter-intuitive policies is the designed intention of the project and a major
advantage of simulation

Il(

= |s the model “wrong?”
— State of knowledge embodied by the ABM not valid for the states encountered in simulation?
— Also applying PILCO and DRL to other versions of the model
— The other wing of this project is trying to calibrate the model to experimental data

= Are the model and policy “right” and it just hasn’t been tried?
— Testable in animal models
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