Robust Efficiency in Healthy Heart Rate
Control and Variabllity

* Robustness/Efficiency Tradeoffs

e Healthy

— Heart Rate Control
— Heart Rate Variability (HRV)

e Universal
— laws
— architectures
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Brain

Heart
V. =[0,], =0.2
Controls: F=(P,~P,)/R,
H,Ve , R,

R = F:(Pas_R/s)/Rs >
S IEEEE
F(AO,) = pW + M
A- [02]V + RSO ( 2) p 0
Disturbance: W W Aoz = [Oz]a _[OZ]V




Phytsieioqy?

Robust Fragile
© Metabolism ® Obesity, diabetes
© Regeneration & repair ® Cancer
© Healing wound /infect ® Autolmmune/Inflame

Mainstream “scientific” view

no boring old fashioned physiology, tradeoffs,

homeostasis, allostasis, constraints, architecture...

health = “good” genes
health = emergent, edge of chaos, order for free...

change is hopefully coming
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The persistent mystery
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Many diseases associated w/decrease HRV
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Google scholar search

Search exact phrase “heart rate variability” for 2011
returns

695 papers with phrase in the title,
e 9330 papers appearing anywhere...

e ...of which 891 have at least one of the following
words: chaos, chaotic, or fractal



Future patient monitor with HRV alert
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Two experiments

On recumbent Lifecycle
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Two experiments with same subject #1
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Nonlinearity
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High frequency

140N“#y;?w/‘j2RRtkDhAWﬁjCF7¢7xa\qvQhm%%ﬁwﬁﬁdggﬁg,.abdwk\\wamh150

120 Explain differences biog
1“0"0 HR data between fits and data

W

-50

80

60

e
| 1 ‘timE(SEC) ‘ _
1?;/” 200 250 300 350

Lower mean, higher variability

40
0



Thanks to

Theory/tools

 Na Li (—Harvard)

e Jerry Cruz

e Somayeh Sojoudi

e Simon Chien
 Ben Recht (-UCB)
Equipment

* Philips

SelepreeTransvied &
Anonymous reviewers

Medical

« Marie Csete MD PhD
 David Stone MD

« Dan Bahmiller MD

« SCAIl and ICCAI

Funding
o« NI
° m
° 7er
e Braun family
« AFOSR/NSF



High

Medium

S

- Workload 1300

Watts.

|

Low

Workload

L1

0 50 100

150 200 250

Time (seconds)

300

200

350



HR data
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Shift so HR units are same
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1st order linear model

120} HR data HR dynamic NL (local linear) fit
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HR static NL (local) fit
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static NL (local) fit
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Not steady state, defer for now
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 Proximal cause: Autonomic
nervous system balance

« Between sympathetic and
para-sympathetic

e Deeper why: evolution
and physiology
e Accident or necessity?

50 100 15
Workload W
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Heart as a control actuator (pump)
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CA cerebral autoregulation

. - Ve
V. ventilation rate ,,C Lung ) oump
H heart rate reamnaas @

pump
R, peripheral autoregulation

R seuus »[ Muscle ) dilate

|
L
o .

dilate

Disturbance:

. W
W watt production ran




Healthy control = highly variable Why?
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Disturbance




Healthy function = low variability (output)

flow
cerebral blood flow
arterial O, and pressure O;
Q? pressure
N

AO, !

muscle O, drop [ Muscle } 0,




Minimal Physiology

dilate

CBF medium
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SaO2 high
pump s Mmedium
dilate R ==x== Muscle 4‘> AO, low

Disturbance: W —T

run




Tradeoffs and saturations
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CBF medium
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Minimal Physiology

dilate

CBF medium
pump

SaO2 high
pump s Mmedium
dilate R ==x== Muscle 4‘> AO, low

Disturbance: W —T

run




Avoiding Physiology and Math

Want a Need a
 Nature paper » e (graph?
 NIH grant e power law?

Avoid physiology
Avoid math dilate




iIdeal

Want a Need a
 Nature paper » e graph?
 NIH grant e power law?
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Analysis of 175,629 papers for word co-occurrence.



/Chaos\ ideal

HRY — Fractals
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Analysis of 175,629 papers for word co-occurrence.



o Seriously

Analysis of 175,629 papers for word co-occurrence.



I high variability Health I low variability

dilate CBF & (T ah

| S CBF medium
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I high variability Health I low variability
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¥ high variability  Healthy  Fiow variability

homeostasis

flow
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Universals
low variability outputs
+ |arge disturbances
— high variability controls

(outputs)
regulated
variables

Disturbance

actuators
(controls)



Universals

low variability outputs
+ large disturbances

—> high variability controls

 Independent of how variablility is measured
 Universal across biology and technology

« Many theorems and case studies

« Arguably most basic idea in control theory
 Most important nonlinearity is actuator saturation



Universals

low variability outputs
+ large disturbances

—> high variability controls

* You bet your life on it every time you fly
e (orwalk orrun or eat...)

 More precisely: you bet your life that engineers
understand this (and doctors should too)



Other Universals

e Laws and architectures
« Darwin and Turing
e QOther case studies
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V. i
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Other Universals

Journals that love “new sciences”
e ....hate both math and physiology

false
dilate "o
pump ” CBF
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Cited _
Unpublishable?



min j(q?, (Pas = P;)Z +0,, (A02 —Ao§)2 +0f (H — H*)zjdt

Optimal control CBF P 7

Local E v V. =[0,], =0.2
autoregulation = L_E F=(P,-R,)/R,
. ¥
In each . V_=c_P
Compartment: .
) Oxygen aEEm ' Q:
H \CI-H P
e Pressure ¥ = m .
=C =C
® FIOW r--s-l Vs Vs as *as a
Y F=(Pas—va>/Rs]
S F(AO,) = pW + M,
Local _

autoregulation A-[OZ]SV+R50 E_f AO, =[0,], -[G,],




Physiological mechanism (cartoon)
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Disturbance:

run l high variability
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Physiology + basic control theory
= necessity

dilate
pump

pump "m

I high
varlablllty

dilate

Disturbance:
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CBF medium
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Ideally

Controls:
V. low
H low | To keep
| Controls vary errors
Rs high - CBF low
Sa0O, high
Because P low
AO, low
Disturbances vary small

Disturbance:
W high



Controls:

oo

Ve low
R, high y compartment:
e Oxygen
e Pressure
e Flow
RS ----- ﬂ Muscle )

Disturbance:
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-

Errors:

CBF low
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P, low
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W ‘ AOz = [Oz]a - [Oz ]v
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Controls:

R

S

Resistance,
systemic

Disturbance:
W high

Oxygen drop
across muscle

AOZ = [OZ]a - [OZ ]v

Errors:

b
P(f Muscle jjl> AOZM

W

|

W high = AO,



Local vasodilation

R, low < AOZW

Controls:

RSM

Disturbance:
W high

Errors:

AOz = [Oz]a ~ [Oz ]v

Y
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W

|

W high = AO, Jofi"



Local vasodilation
control

R, low < AOZW
Errors:
R, rﬁ}g

R, (e==

R = S [

S . N AO, low
A-[O,], +R, = f :1/'\ °
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Standard model
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Local vasodilation

Controls: control
Ve low R, = A-[0,], + R,
H low
R, high
R )
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Standard model
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Controls: '
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~ \ Sa0, Arterial O, saturation

P.. Mean Arterial Pressure
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Oxygen drop across muscle




Controls:
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Controls:

Vo

H low

V. high < Sa0, high

lLocal ventilation
control
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Controls:
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lLocal ventilation
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Errors:

Controls: CBF low
V. low ( Lung ) _
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H low fl> P low
R, high AO, low

(f Muscle | /jl>
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Errors:
CBF low

fl> P. low

Controls:
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Controls:

Disturbance:
W high

Errors:
CBF low
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- W high = AO, Jofi




Controls:

Disturbance:
W high
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CBF low
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Errors:
CBF low

Controls:

el W
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Disturbance: W _T
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Errors:

CBE lefy
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Controls:

Tradeoffs? .
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>
H low Pas_ low
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Disturbance: W high = AOM
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Tradeoffs?
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Tradeoffs?

Errors:
Controls:
H low P.. low
Greatly
simplified
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In each Math model”~

compartment:
« Oxygen

e Pressure

e Flow

\
[j Muscle jl:{} AO,
i




In each

compartment:

« Oxygen Ve =[0,], =0.2
e Pressure F=(Fp—Fo)/R,
e Flow

A-[G,], + Rscﬁl P/ R
F(AO ) AW +M,

Aoz [O ] [OZ]V




Controls:
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vE — [Oz]a - 02
F=(P,-P,)/R,
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Controls:
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V. =[0,], =0.2
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Physiological mode/
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Physiological model + data
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static optimization problem

optimization objective
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Not sustainable 200 %
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So penalizing BP and HR
more here
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This idea can be used directly
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Anaerobic and
Aside on gas variables

Gas exchange variables are also
predictable with simple models

VOZ2 is simplest and most predictable

VCO2-VOZ2 is most complex and we don’t
have first principles model

Also HR model is bad at high watt levels



1st order linear model

120} HR data HR dynamic NL (local linear) fit
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Aerobic models can be way off at high watts
(predict this signal should be constant)

Can still fit with simple “black box” models, but...
Need nonlinear dynamics

Mechanistic models? (Redox ®£)
 Need anaerobic mechanisms
« Control of arterial pH is critical (and hard to model)
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2"d order nonlinear (7 parameters)
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First principles aerobic model
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First principles aerobic model
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Figure S22: Subject #2 performed two separate experiments of less than 8 minutes each
on a cycle ergometer including exercise levels between 50 watts and 100 watts. HR (left
axis, red) is plotted for two different workload demands (right axis, blue). A 1%t order
linear dynamic (“black box”) model (i.e., Ah=ah+bW-+c) with 3 parameters (a,b,c) was
fit using the upper exercise data with workload input and HR output. Simulations of this
model with the 2 workload inputs are in black.
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Simulated Error on data set B
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