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Let us go back 50 years...

The Lancet - Saturday 12 August 1967

Italian Fashion - 1967
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A report of 12 patients

The respiratory-distress syndrome in 12
patients was manifested by acute onset of
tachypneea, hypoxamia, and loss of compliance after a
variety of stimuli; the syndrome did not respond to usual J—
and ordinary methods of respiratory therapy. The clinical e

and pathological features closely resembled those seen in
infants with respiratory distress and to conditions in
congestive atelectasis and postperfusion lung. The
theoretical relationship of this syndrome to alveolar
surface active agent is postulated. Positive end-expiratory
pressure was most helpful in combating atelectasis and

Summary
The Lancet - Saturday 12 August 1967

hypoxaemia. Corticosteroids appeared to have value in the L S 5 T, 0 e
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treatment of patients with fat-embolism and possibly viral el
pneumonia. ko T ey i
Discussion e

The wtiology of this respiratory-distress syndrome SEREEEEE
remains obscure. Despite a variety of physical and = ‘":‘m

possibly biochemical insults the response of the lung was i
similar in all 12 patients, In this small series of patients, :
it is impossible to assign a relative value to shock, fluid
overload, acidosis, prior hypox@&mia, trauma, aspiration,
and viral infection. Most patients had combinations of .

these insults in varying degrees of severity. Medical News - 1967
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ARDS

ARDS-Related Mortality Rate (per 100,000)

40 4

w
o
L

n
o
1

o
1

74| Asian or Pacific Islander

s | Black or African American

Mortality by age 2 wnite
|

Mortality Trends of Acute Respiratory Distress Syndrome in the United
States from 1999 to 2013

Shea E. Cachi'”, Jordan A. Kempker™, Srinadh Annargi®, Michael Pl Kramer", ard Greg S, Martin®

1-4

T T T T T T T T T

5-14  15-24 25-34 35-44 45-54 55-64 65-74 75-84 85+
Age Group

Lowest estimate of USA
deaths attributable to
ARDS:

150,000 per year



Why was ARDS
unknown before 19677
What happened to make treatment
possible?



Poliomyelitis and the Iron Lung




Number of cases
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Innovation in Scandinavia, 1952

August 1952
Tracheostomy plus
positive pressure
ventilation.

Prior respiratory mortality:
90%

Four months later
With innovation: 25%

Dr. Bjgrn lbsen
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http://jap.physiology.org/content/vol99/issue2/images/large/zdg0070539790003.jpeg

15 years later, the tools to treat ARDS
were at hand




Normal ARDS




The (dual fractal) Anatomy of the Lung
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Monofractal v multifractal conceptualtizations

Monofractal versus Multifractal Architecture
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Origin of Fractal Branching Complexity in the Lung

STEPHEN H. BENNETT!, MARLOWE W. ELDRIDGE’, CARLOS E. PUENTE®, RUDOLF H. RIEDI*,
THOMAS R. NELSON?, BOYD W. GOETZMAN!, JAY M. MILSTEIN!, SHIAM S. SINGHALS®,
KEITH HORSFIELD’, MICHAEL J. WOLDENBERG?

The design of larger transport vessels in
the lung were found to exhibit fractal
branching complexity with an origin
consistent with systems in nature
conforming to a self-organized critical
state.

The changes in complexity in the
pulmonary circulation are dynamic
suggesting that the lung is a complex
adaptive system lacking a universal fractal
design, and is not a strictly self-similar
branching network.

Figure 3.Human Pulmaonary Arterial and Airway Systems
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At the ends of a fractal tree...
simple, repeating, near-identical modules
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Why does the “fractalcality” arise?

Max Kleiber Geoffrey West




Why does the “fractalcality” arise?

Max Kleiber — empiric Geoffrey West — first principles
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Basic Rules

Growth is programmatic, not
blueprinted

— Fills space/size limited

* Hierarchical branching
— (Microscopic) uniform end-organ modules
— Minimize energy needed to move fluid
through the system

Sum of the cross-sectional areas of the
daughter tubes leaving the branch point
is the same as the cross-sectional area
of the parent tube coming into it.

Why does the “fractalcality” arise?

Consequences
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Why does the “fractalcality” arise?
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Fractal Aspects of the Respiratory System

QUANTITY PREDICTED OBSERVED
Tracheal radius 35 = 0.375 0.39
Interpleural pressure 0= 0.00 0.004
Adr velocity in trachea 0= 0.00 0.02
Lung volume 1=1.00 1.05
- Lung volume
Volume flow to lung 34 = 0.75 0.00 i
Volume of alveclus Y4 = 0.25 No data scales linea rly
Tidal velume 1=1.00 1.041 with mass
Respiratory frequancy -4 = -0.25 -0.26
Power dissipatad 34 = 0.75 0.78
Number of alvach 34 = 0.75 No data
Radius of alveclus %2 = 0.083 0.13
Area of alveclus % = 0.167 No data
Area of lung Y2 = 0.92 0.95
O, diffusing capacity 1=1.00 0.99
Total resistance -3l = -0.75 -0.70
O, consumption rats 34 = 0.75 0.76



sidebar on networks to terminal units

Capillary beds

Afferent arteriole  Glomerulus
] 10 um from renal artery Bowman's capsule

Interlobular veins
(to hepatic vein) —Central vein

Connective tissue

Proximal tubule
/ Peritubular

capillaries

Alveolar sacs

Alveolar du & Bile duct (receives

lining (endothelial
cells) of sinusoids

Mucous gland
Mucosal linin:

macrophages
in sinusoid t alls 4
Portal vein
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The Immune/Lymphatic System

Cells of the Immune System
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The Autonomic Nervous System

Schema Explaining How Parasympathetic and
Sympathetic Nervous Systems Regulate Functioning Organs
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The Vagus Nerve (parasympathetic)

= Efifierent (motor) fibers
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Summary so far

Visceral anatomy follows allometric scaling laws (ASL)

Networks architected under those ASL have organ-independent
features

— Tissue cells that do “something”
* End-units nearly identical in a given tissue

— Blood flows supplying metabolic needs and clearance of metabolites,
toxins

— Embedded immune (regulatory) cells

— Distributed nervous system controls (vagus, autonomics)
Multiple networks sharing common (filled) spaces
What could possibly go wrong????



Network Physiology

* Time to do some experiments
* YOU are the experimental subject

* You are welcome to opt out, otherwise



Experiment 1
“metronomic breathing”

! About 8 breaths/minute I

I————‘.-.-.-.*___J

“Regular” breathing doesn’t quite feel right, does it?



Normal (spontaneous) Breathing Is
Fractal in Time

(and in Volume, Flow,...)

Respiratory Rate (Breaths/min)

0 200 400 600 800 1000

Breath Number

Respir Res. 2005; 6(1): 41. (Alan Mutch)
Many others before and after have made this observation



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1142342/

Normal Heart Rates are also (multi)Fractal in Time

a
12
1.0 |
0.8
0.6
0.4

Interbeat interval

Letters to Nature

0 4000 8000 12000 16000

Nature 399, 451-465 (3 June 1939) | dei: 10.1038/20524; Received 2 March 1939; Accepted 7 April Beat number
1999

Multifractality in human heartbeat dynamics
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Experiment 2
Resplratory Slnus Arrhythmla

Take a DEEP breath in...HOLD IT... Let it ALL the way out...HOLD IT.
Repeat.

What happened to your pulse????



E . t 2
r‘ v
The radial pulse is felt on the
When feeling for the carotid wrist, just under the thumb
pulse under the angle of the
jaw, use very light pressure
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ECG | || I | I | | I l H | I I | I I I I || Heart rate increases during inspiration and decreases during

expiration.
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mm Hg Nucleus ambiguus increases parasympathetic nervous system
50 . .

input to the heart via the vagus nerve. The vagus nerve

TV W decreases heart rate by decreasing the rate of SA node firing.

Airway W Upon expiration the cells in the nucleus ambiguus are activated
Po, and heart rate is slowed down. In contrast, inspiration triggers
inhibitory signals to the nucleus ambiguus and consequently the
vagus nerve remains unstimulated.
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Experimental Conclusions

* Normal breathing (“ventilation”) is variable

— Analysis shows that it is fractal in time and space

 The heart is coupled to ventilation

— Provides an analytic framework (“weakly coupled
oscillators”)



Given that “healthy” physiology
resembles “healthy” anatomy...

Self-similar in space: blood vessels Self-similar in time: interbeat inervals
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..we can ask if there is a clinically
meaningful synthesis

Biological Structures

Golgi (1843-1926)

ANALYSIS

Physiologic Time Series
Einthoven (1860-1927)
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..we can ask if there is a clinically
meaningful synthesis

Biological Structures
_

{gﬂ Golgi (1843-1926) Network
S TR ~ Abstractions

ANALYSIS

Physiologic Time Series D
Einthoven (1860-1927)

< Modules and Modularity >
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Networks and Adaptation in Physiologic Time
Stress Test

* |ndirect reflection of
arterial blood flow to
heart during exercise

e 1sttest 1929, now
standardized

e Authentic exercise
(or drug,
dobutamine)




EVERY
HOSPITAL DOES
THESE

THIS IS WHAT
THE
CARDIOLOGIST
SEES

Cardiac Diagnostic Lab
ECHOCARDIOGRAM REPORT

BASELINE STUDY

REASON FOR TEST: short of breath

Parasternal Long Axis
AS 1 BAS
1

MP 1 -

Parasternal Short Axis

Apical Four Chamber

MAs 1 0- Not As 1 AL 1
MA  [Visual
1 |1= Normal
Ms 2= Hypo 3
1 =Akinetic 4 Ms, ML
i 1
= Aneunsm
BS BL
M1 ML 1 1 e 1
MP 1

Apical Two Chamber

A1 AA 1
Mi
1 MA
1
8l BA

LV GLOBAL FUNCTION:
RESTING ECHO:

DOPPLERICF:

BASELINE HR: 80 BP: 102/72
RESTING ECG: Sinus rhythm, LAFB, LVH, PRWP, T Wave Inversion |, AVL and V2
MEDICATIONS: Coreg, Warfarin, Lipitor, Hy dralazine, Isosorbide

RESTING ECHOCARDIOGRAPHIC IMAGES / ECG COMMENTS:

CONDUCTION DEFECTS:

MEDS HELD: Coreg held 24 hours

POST EXERCISE STUDY  PEAK BP: 140/80 mm Hg PEAK HR: 130

Parasternal Long Axis
MAS

MP 1 81

Parasternal Short Axis
MAS 2

MA
MS 2
1
mi
1 ML

mP 1 &

Apical Four Chamber

Apical Two Chamber
A AL
2
M -~
1 2
Bl BA
1 1

The patient exercised for 5 min

IMPRESSION:

UH#: 000911647

33sec.on (Bruce Protocol)

POST-EXERCISE COMMENTS: 130 bpm 90 % of MPHR METS: 7 Exer. Perf.: Fair exercise performanced
Test Terminated: Shortness of breath.. Fatigue.
ECHOCARDIOGRAPHIC IMAGES OBTAINED IMMEDIATELY AFTER EXERCISE SHOWED:
Marked increase in the LV and RV contractility, localized apical and mid anteiror wall hypokinesis post stress. The
apex is slightly dilated post stress.

STRESS ECG COMMENTS: No definite ischemic changes. Occasional VPDs, Rare APDs.

Maximal Exercise Stress Echocardiogram, POSITIVE for my ocardial ischemia.

PRINT PREVIEW ONLY - TEST NOT CONFIRMED

By sianing this report. the atlending Cardioloarst cerbfies that he or she has personally SUpesed and interpreted The echocardiogram and has
reviewed and or edited and agrees with the wntten comments contained within the report



A different view

e Typically ~¥2500-4000 heartbeats

* Non-stationary by definition

R-R intervals (rate)
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A treadmill run
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Some frames to keep an eye on
(seem to identify transitions)

Frame Frame




Multiscale Entropy—
Randall Moorman will have much more to say
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Network analyses—you will have much more to say

T T T

Frame

[ Some frames to keep an eye on
(seem to identify transitions)
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Physiological Time Series

Domains for Time-Series Analysis

Time Frequency Complexity Modularity
(Conventional) (Variability)
000 10 10 10 10 10 10 MSE by Frame
Frequency (1/beat) ‘-. . ;'.. B
\/\ P H - P
,,,,,, NN e e
“Vital Signs” HF/LF ratio Entroples Network Connectivitiy

(ApEn,SampEn)
DFA



We can reasonably conclude...

* Network abstractions provide an alternate and
useful insight into variable human physiology,
at least in response to daily stress



Recovery of adaptation following neural and immune
isolation (here, after cardiac transplantation) may take years
To adapt

Kresh Y, et al, Am J Physiol. (1998) 275: R720
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Evolution and adaptation

Evolution:Change
in a population’s
inherited traits

from generation
to generation

Two components

Genetic Drift

Random mutation DNA exchange

Natural Selection

Cooperation/Competition  Adaptation



They were contemporaries—
but not on the best of scientific terms

Charles Darwin, 1809-1882 Claude Bernard, 1813-1878


http://upload.wikimedia.org/wikipedia/commons/2/23/Claude_Bernard.jpg

Physiology:
Late to embrace notion of adaptation

Claude Bernard: Constancy in the internal environment

V4

(the milieu interieur) 1850’s
Walter B. Cannon: Stability in the internal environment

7
(coordinated by processes that respond to changes) 1910's
René Dubos: Homeostasis and adaptation are necessary for

’
balance and survival 1950's
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Physiology:
Homeostasis-Cannon’s Conception

Is this a “fixed” value?

Interface

r m

(:_aet point value

-—®
Cither

Measu rer“lent Sl systems

Response
mezhanisms

-
Regulated
“ g substance

Homeostatic syatem

1910’s

External .
environment [nternal environment
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Adaptation and the “memory” of stress

Peter Sterling

eNeuroscientist (Penn, active)

eFirst posited that biological
systems necessarily adapted to the
range of input stimuli as they
accumulated over time

eCoined “allostasis”



Homeostasis vs. Allostasis

Homeostasis  (Cannon) Allostasis (Sterling)

prior experience — prediction

modifiable *

_|.
setpmnt —_—

fixed

setpmnt —_—

— gffector — gaffector

SENSsor «— GG”tW—*”Ed -—l SEensor «— mntrolled __I
varlable variable




24 hour continuous blood pressure

Bevan AT; Honour AJ; Stott FH (1969). Clin Sci 36:329.
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Responsiveness to fluctuating demand around a prediction
(no inherent setpoint)
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But patients are entirely different... o
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HYPOTHESIS

Adaptation

At all times, and at all granularities,
life is constantly adapting to its environment
 Short time scales: homeostasis _ ,
. - - Adaptive Network Physiology
* [Intermediate time scales: allostasis
* Longest time scale: evolution

Implications for critically ill patients and their care:
Adaptive failure, support of adaptation



Alternate Views of Physiology:
Coagulation

L]
Conventional Network
INTRINSIC SYSTEM TRINSIC SYSTEM
Surface Contact Tissue Factor
Xl - Xla Vil = Vila ¢ rFVila
+x| - Xla
APTT X — IXa PT
Vil — Villa
X — Xa
Vv —* Xa
Il = lla (Thrombin)
1 Yla Fiori) A R oy s A T

=== Stimulaticn of degradation

—— Inhibition of reduction

What could possibly go wrong from a network perspective?



Practical Aspects of the Coagulation Network
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Alternate Views of Physiology:
Inflammation

Conventional Network

Cytokine Network

| Pro-inflammatory | | Anti-inflammatory |

What could possibly go wrong from a network perspective?



Alternate View of Physiology:
Glucose Regulation

Conventional

Normal Glucose Regulation

But then there are drugs that affect the network
in unique and sometimes paradoxical ways

Metformin v

—_— ™)
T Glucose uptake N ) ; .
T Glucose uptake
TZDs ) mmmm \ P
T Glucose uptake =
che%litinEdes, P 38 e GLP-1RA
Lot { - - d Gastric emptying
T Insulin release o = ¢
DPP-4i
DPP-4i, GLP-1RA - —
| Glucagon secretion 3 y TGLP-1
T Insulin secretion Metformin
T GLP-1
TZDs ) 4 Glucose absorption
T Insulin sensitivity
Metformin SGLT-2i
! Gluconeogenesis T Renal glucose excretion

Nature Reviews | Endocrinology

The mechanism for metformin action remains uncertain: metformin might target the liver to
reduce gluconeogenesis and skeletal muscles to enhance peripheral glucose utilizationl,
with a possible role in the gut to increase levels of glucagon-like peptide 1 (GLP-1) (Ref. 111).
Sulfonylureas and meglitinides increase insulin secretion in the pancreasil2 113,
Thiazolidinediones (TZDs) act as insulin sensitizers in skeletal muscle, adipose tissue and the
liverl14, GLP-1 receptor (GLP-1R) agonists (GLP-1RA) target the pancreas to increase insulin
secretion and reduce glucagon production, as well as act in the gut to reduce gastric
emptyingl3, Dipeptidyl peptidase 4 (DPP-4) inhibitors (DPP-4i) increase endogenous incretin
levels by blocking the action of DPP-4 (Ref. 115). Sodium—glucose cotransporter 2 (SGLT-2)
inhibitors (SGLT-2i) reduce renal glucose reabsorptionilt,


http://www.nature.com/nrendo/journal/v12/n6/full/nrendo.2016.51.html
http://www.nature.com/nrendo/journal/v12/n6/full/nrendo.2016.51.html
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http://www.nature.com/nrendo/journal/v12/n6/full/nrendo.2016.51.html
http://www.nature.com/nrendo/journal/v12/n6/full/nrendo.2016.51.html

Alternate Views of Physiology:

Challenges
Conventional Network
* “repair broken point, * Parallelism leads to
restore functionality” redundancy ( a good thing)
 Works in a few cases, * Curse of dimensionality
mostly where there is a * Unanticipated
checkpoint consequences of perturbing

complex systems (“butterfly
wings”, etc.)



Kinase Cascades:
a study in modular duplications

Protein Kinase cascade

A series of protein kinase adding a
phosphate group to the next protein
in the sequence.

Protein Kinase Cascade

Growth
fac.tm'(—
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What could possibly go wrong from a network perspective?



All the way down to

NORMAL CELL TUMOR CELL
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What could possibly go wrong from a network perspective?



A closing thought (and experiment)

* | am sure that, by this time, you are thirsty (|
know | am)..

* Which size will you drink?
At what rate?
 What network(s) are affected? fAj -



This is part of what you are about to perturb
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But it really looks more like this
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Guyton, Coleman, Granger (1972) Ann. Rev. Physiol,

What could possibly go wrong
from a network perspective?

Stay tuned...we will answer
this question on Wednesday
morning...!



Normal ARDS




Summary for Lecture 1

 Network conceptualizations
— Anatomy
— Physiology
— Pathophysiology
* A question or two to begin the discussion
— What are the fundamental regulatory motifs?
— What are the consequences of time delays in real networks?

— What are the network consequences of “stress”, good stress
(exercise) and bad stress (illness and overstress)?



