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the wisdom of the body revisited



Outline
• Cannon’s Homeostasis

• Mathematical models of homeostasis

• The power of integral action

• Integral control as a therapeutic



1932

• The body—a system composed of 
fragile material—effectively operates in 
highly uncertain regimes.

• How does a body remain constancy 
despite the adverse forces that surround 
it?

• What are general principles to maintain 
this constancy?





Insulin discovery, treatment of diabetes

Treatment of clotting disorders with blood thinners

Cybernetics!



Calcium Homeostasis - a view from 1932
• Calcium used both for bone growth, muscle 

signalling, and blood coagulation.

• Calcium concentration in blood is constant. 
Too little cause muscle convulsions. Too 
much causes blood thickening

• Regulated by parathyroid gland?

• Calcium stored in bones and resorbed when 
needed.

• Vitamin D helps calcium be absorbed in the 
intestine.



Calcium Homeostasis
Proportional

Integral
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Proportional Integral Control



Integral Action
• Consider the proportional integral (PI) controller

• Assume that all the signals converge to constant values.

• Then e∞=0.
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adapts to changing disturbances

A controller with integral action will always yield the correct steady state 
provided that a steady state exists.



Perfect Adaptation: A system regulates some signal to a constant for any constant disturbance

disturbance
regulated

signal

P-
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• For linear systems, integral control is necessary and sufficient for perfect adaptation.
• For nonlinear systems, internal integrator is sufficient. This points a path for intervention.

therapy

For any value of D, the output converges to the same value of R.

From Khammash 2021



time

General Adaptation Syndrome (GAS)
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Linear model

Response to a shock must overcompensate

gt is the impulse repsonse or shock response
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FIGURE 1. Systems analysis diagram for reI,'1.llation of the circulation. Units are the following: volume 
in liters; mass in grams; time in minutes; 'chemical units in milliequivaIents; pressure in millimeters of 
mercury; control factors in arbitrary units but in most instances expressed as the ratio to normaI- for 
instance. a value of 1 represents normal. Normal values are given on the lines that repre-rent the respec� 
tive variables. 

The following is a list of the important dependent and independent variables in the analysis (addi� 
tional variables are present for purposes of calculation but generally have no physiological significance): 

AAR-afferent arteriolar resistance 
AHM-antidiuretic hormone multiplier. ratio of 

normal effect 
AM -aldosterone multiplier. ratio of normal 

effect 
A MC-aldosterone concentration 
AMM-muscle vascular constriction caused by 

local tissue control. ratio to resting state 
AMP---effect of arterial pressure on rate of aldo­

sterone secretion 
AMR-effect of sodium to potassium ratio on 

aldosterone secretion rate 
AMT-time constant of aldosterone accumulation 

and destruction 
ANC-angiotensin concentration 
ANM-angiotensin multiplier effect on vascular 

resistance. ratio to normal 
ANN-effect of "sodium concentration on rate of 

angiotensin formation 
ANP-effect of renal blood flow on angiotensin 

formation 
ANT-time constant of angiotensin accumulation 

and destruction 
A NU-nonrenal effect of angiotensin 
AOM-autonomic effect on tissue oxygen utiliza­

tion 
APD-afferent arteriolar pressure drop 
ARF-intensity of sympathetic effects on renal 

function 
ARM-vasoconstrictor effect of all types of 

autoregulation 
ARI-vasoconstrictor effect of rapid autoregula­

tion 
ARZ-vasoconstrictor effects of intermediate 

au toregulation 
ARJ-vasoconstrictor effect of long-term auto­

regulation 
AU-overall activity of autonomic system. ratio 

to normal 
AUB-effect of baroreceptors on autoregulation 
AUC-effect of chemoreceptors on autonomic 

stimulation 
AUH-autonomic stimulation of heart. ratio to 

normal 
AUK-time constant of baroreceptor adaptation 
AUL-sensitivity of sympathetic control of 

vascular capacitance 
AU M -sympathetic vasoconstrictor effect on 

arteries 
AUN-effect of eNS ischemic reflex on auto� 

regulation 
A UV-sensitivity <:;ontrol of autonomies on heart 

function 
AU Y -sensitivity of sympathetic control of veins 
AUZ--overall sensitivity of autonomic control 
A VE-sympathetic vasoconstrictor effect on 

veins 
AIK-time constant of rapid autoregulation 
A2K-time constant of inter;nediate autoregu­

lation 
A3K-time constant of longMterm autoregulation 
A4K-time constant for muscle local vascular 

response to metabolic activity 
BFM-muscle bIo"od flow 
BFN-blood flow in non-muscle. non-renal tissues 
CA--capacitance of systemic arteries 
CCD--concentration gradient across cell mem-

brane 
CH Y -concentration of hyaluronic ad4 in tissue 

fluids 
CKE-extracelIular potassium concentration 
CKI-intracellular potassium concentration 
eN A --extracellular sodium concentration 
eNE-sodium concentration abnormality causing 

third factor effect 
CPG--concentration of protein in tissue gel 
CPI--concenuation of protein in free interstitial 

fluid 
CPN--concentration of protein in pulmonary 

fluids 
CPP�plasma protein concentration 
CV-venous capacitance 
DAS-rate of volume increase of systemic arteries 
DFP-rate of increase in pulmonary fr�e fluid 
DHM-rate of cardiac deterioration caused by 

hypoxia 
DLA -rate of volume increase in pulmonary veins 

and left atrium 
DLP-rate of formation of plasma protein by 

liver 
DaB-rate of oxygen delivery to non·muscle cells 
DPA -rate of increase in pulmonary volume 
DPC-rate of loss of plasma proteins through 
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systemic capillaries 
DPI-rate of change of protein in free interstitial 

fluid 
DPL-rate of systemic lymphatic return of 

protein 
D PO -rate of loss of plasma protein 
DRA-rate of increase in right atrial volume 
DVS-rate of increase in venous vascular volume 
EVR-postglomerular resistance 
EXC--exercise activity, ratio to activity at rest 
EX E---exercise effect on autonomic stimulation 
GFN-glomerular filtration· rate of undamaged 

kidney 
GFR-glomerular filtration rate 
GLP-glomerular pressure 
GP D-rate of increase of protein in gel 
CPR-total protein in gel 
H M -hematocrit 
HMD-cardiac depressant effect of hypoxia 
IIPL-hypertrophy effect on left ventricle 
HPR-hypertrophy effect on heart. ratio to 

normal 
HR-heart rate 
HSL-basic left ventricular strength 
HSR-basic strengr.h of right ventricle 
HYL-quantity of hyaluronic acid in tissues 
IFP-interstitial ft.uid protein 
KCD-ra.e of change of potassium concentration 
KE-total extracellular fluid potassium 
KED-rate of change of extracellular fluid con-

centration 
Kl-total intracellular potassium concentration 
KID-rate of potassium intake 
KOD-rate of renal loss of potassium 
LVM--effect of aortic pressure on left ventrIcular 

output 
MMO-rate of oxygen utilization by muscle cells 

L_� _____ _______ ______________ � L _________ ____ _________________ _ _ _ _ _  .J 

M02-rate of OXYien utilization by non·muscle 
celts 

NAE-total extracellular sodium 
NED-rate of change of sodium in intracellular 

fluids 
NID-rate of sodium intake 
NOD-rate of renal excretion"of sodium 
OM"M-musde oxygen utilization at rest 
OSA -aortic oxygen saturation 
OSV-non-musc1e venous oxygen saturation 
OVA-oxygen volume in aortic blood 
OVS-muscle venous oxygen saturation 
02M-basic oxygen utilization in non-muscle 

body tissues 
P A -aortic pressure 
PAM-effect of arterial pressure in distending 

arteries. ratio to normal 
PC ........ capiUary"pressure 
peD-net pressure gradient across capillary. 

membrane 
PCP-pulmonary capillary pressure 
PDO-difference between muscle venous oxygen 

P02 and normal venous oxygen Po� 
PFI-rate of transfer of fluid across pulmonary 

capillaries 
PFL-renal filtration pressure 
PGC--colloid osmotic pressure of tissue gel 
PGH-absorbency effect of gel caused by recoil of 

gel reticulum 
PGL-pressure gradient in lungs 
PGP-colloid osmotic pressure of tissue gel caused 

by entrapped protein 
PGR-colloid osmotic pressure of interstitial gel 

caused by Donnan equilibrium 
PIF-inter$titial fluid pressure 
PLA-Ieft atrial pressure 
PLD-pressure gradient to cause lymphatic flow 

PLF-pulmonary lymphatic flow 
P MO-musc1e cell POl! 
POD-non-muscle venous Paz minus normal value 
POK-sensitivity of rapid system of autoregula� 

tion 
PON-sensitivity of intermediate autoregulation 

POS-pulmonary interstitial fluid colloid osmotic 
pressure 

POT-non-muscle Cf':ll Poz 
POV-non·muscle venous P02 
POY-sensitivity of red cell production 
POZ-Sf':nsitivity of long. term autoregulation 
POZ-oxygen deficit factor causing red cell pro-

duction 
P P A -pulmonary arterial pressure 
PPC-plasma colloid osmotic pressure 
P PD-rate of change of protein in pulmonary 

fluids 
PPI-pulmonary interstitial fluid pressure 
PPN-rate of pulmonary capillary protein loss 
P PO-pulmonary lymph protein flow 
PPR-total protein in pulmonary fluids 
PRA-rigilt atrial pressure 
PRM-pressure caused by compression of inter .. 

stitial fluid gel reticulum 
PRP-total plasma protein 
PTC-interstitial fluid colloid osmotic pressure 
PTS-solid tissue pressure 
PTT-total tissue pressure 
PGV-pressure from veins to right atrium 
PVG-venous pressure gradient 
PVO-muscle venous P02 
PVS-average venous pressure 
QAO-blood flow in the systemic arterial system 
QLN-basic left ventricular output 
QLO-output of left ventricle 

QOM-total volume of oxygen in muscle cells 
Q02-non-muscle total cellular oxygen 
QPO-rate of blood flow into pulmonary veins 

and left atrium 
QRF-feedback effect of left ventricular function 

on right ventricular function 
QRN-basic right ventricular output 
QRO-actual right ventricular output 
QVO-rate of blood flow from veins into right 

atrium 
RAM-basic vascular resistance of muscles 
RAR-basic resistance of non·muscular and non-

renal arteries 
RBF -renal blood :flow 
RCI-red cell production rate 
RC2-red cell destruction rate 
RCD-rate of change of red cell mass 
REK-percent of normai renal function 
RFN-renal blood flow if kidney is not damaged 
RKC-rate factor for red cell destruction 
RMO-rate of oxygen tran:sport to muscle cells 
RPA -pulmonary arterial resistance 
RPT -pulmonary vascular resistance 
RPV-pulmonary venous resistance 
RR-renal resistance 
RSM-vascular resistance in muscles 
RSN-vascular resistance in non�muscle. non-

renal tissues 
RVG-resistance from veins to right atrium 
RVM-depressing effect on right ventricle of 

pulmonary arterial pressure 
RVS-venous resistance 
SR-intensity factor for stress relaxation 
SRK-time constant for stress relaxation 
STH-effect of tissue hypoxia on salt and water 

intake 
SVO-stroke volume output 

TRR-tubular reabsorption rate 
TVD-rate of drinking 
V AS-volume in systemic arteries 
VB-blood volume 
VEC--extracellular fluid volume 
VG-volume of interstitial fluid gel 
VGD-rate of change of tissue gel volumes 
VI B-blood viscosity. ratio to that of water 
VIC-cell volume 
VID-rate of fluid transfer between interstitial 

fluid and cells 
VIE-portion of blood viscosity caused by fed 

blood cells 
VIF-vo]ume of free interstitial fluid 
VIM-blood viscosity (ratio to normal blood) 
VLA -volume in left atrium 
VP-plasma volume 
VPA-volume in pulmonary arteries 
VPD-rate of change of plasma volume 
VPF-pulmonary free fluid volume 
VRA -right atrial volume 
VRC-volume of red blood cells 
VTC-rate of fluid transfer across systemic capil­

lary membranes 
VT D-rate of volume change in total interstitial 

fluid 
VTL-rate of systemic lymph flow 
VTS-total"interstitial fluid volume 
VTW-total body water 
VUD-rate of urinary output 
VV7-increased vascular volume caused by stress 

relaxation 
VVR-diminished vascular volume caused by 

sympathetic stimulation 
VVS-venous vascular volume 
Z8-t.ime constant of autonomic response 



General Adaptation Syndrome (GAS)

• Selye (1956) • Pattern of resistance to shock
• After first shock, more vulnerable. Then 

more resistant
• Transient shock recovers faster than 

adaptations decay

Processes working to maintain homeostasis 
overshoot too.

Aggregate properties of homeostatic 
processes overshoot, but need not reject 

disturbances.



Adaptation Therapy: Progressive Overload

• GAS Selye (1956)

Stress

Alarm

Adaptation

Pe
rf

or
m
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Principle of progressive overload:

• Add a new stimulus to promote 
adaptation

• Fatigue recovers faster than adaptations 
decay

• If we consistently introduce new stimuli 
after sufficient recovery, performance 
levels increase over time.





Strength Training

M W F

Week 1 3x5@135# 3x5@145# 3x5@155#

Week 2 3x5@165# 3x5@175# 3x5@185#

Week 3 3x5@195# 3x5@205# 3x5@210#

Week 4 3x5@215# 3x5@220# 3x5@225#

Coach Ben’s Program

Linear Progression

Simplest example of progressive overload



Fitness-Fatigue Model
Fitness

Fatigue

nonlinearity

work ability
yu
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Bannister et al. (1976)

time

Fitness Fatigue



Progressive Overload

Days
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Dynamics of training

Months
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initial 
overreach

noob 
gainz

plateau
supercompensation

detraining

stop 
training



Dynamics of Overreaching

Early plateaus of overreaching 
can still lead to improvement

Time“P
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”



Time

For some !>0:
|g(t+1)|≤!|g(t)|, for t<t0-1
g(t+1)≥!g(t), for t≥t0

Generalized Bannister IR Model (Gradu-R)

g(t)<0 for t<t0

g(t)≤0 for t≥t0

Theorem [Gradu-R]: For any generalized Bannister IR model and training 
window T, there is some Tw such that performing as much work as 
possible without failure up to time Tw and then performing no work for 
the remaining T-Tw  time periods is optimal to maximize ability.

<latexit sha1_base64="K6Q0nrxQPgiXb1OrsQ2PaD3clwE="></latexit>

maximize yT
subject to yt � ymin

0  u  B
y = g ⇤ u

“Optimal training”



Stress
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GAS (Selye 1956) Opponent process (Solomon 1980)



Dynamics of addictive substances

Opponent process (Solomon 1980)



Tapering medication, drug cessation
• Standard protocols for demedicating

• Linear or exponential decrease:

• Take 4/day this week, 3/day next week, 2/day the week after that… 

• One-size fits all

• Widely reported negative consequences for tapering too rapidly.
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Generalized Opponent Process Model

t≥t0

For some !>0
g(t+1)≤!g(t)

|g(t+1)|≥!|g(t)|

t<t0-1t<t0g(t)>0
g(t)≤0 t≥t0

<latexit sha1_base64="Fw9aX1Sgj0lPDrlW2bhGrGAtaAg="></latexit>

yt = (g ⇤ u)t + et

Generalized Opponent Process = -(Generalized Bannister IR)



A clairvoyant protocol needs no planning

Theorem [Gradu-R ’23]: If the underlying system is an generalized opponent 
process, taking the dose at time t that results in yt+1=ymin yields the minimal 
cumulative dose.

Goal: Minimize the cumulative dose such that yt≥ymin for all time.

<latexit sha1_base64="ORrsf51wioVUTpjodbTlyWItPpk="></latexit>

minimize
PT

t=1 ut

subject to yt � ymin

yt = (g ⇤ u)t



A simple protocol for demedication

EOD_SES = “how I felt yesterday”

dose[today] = dose[yesterday] - K (EOD_SES - SES_min)

K is in the range of 1 or 2.

SES_min =  “the worst I can tolerate today”

SES: subjective effect scale

Theorem: If the underlying system is an opponent process, this protocol ensures
<latexit sha1_base64="yaMWPh3FunhovLSgX7w/8H3PZn0="></latexit>
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yt � ymin � y0 � ymin

T

Integral Control!



Treatment maintenance

Sample goals:

<latexit sha1_base64="bTvBTu+C7A0J5FLtmsTvn2QA0V0="></latexit>

yt =
tX

k=0

gkut�k + et = (g ⇤ u)t + et

Plan treatment schedule

<latexit sha1_base64="sW8oHumVtqRIcdAZGRoODj5tDyI="></latexit>

minimize
PT

t=1 ut

subject to yT = yend
Choose u to to move y 

to a desired level

Minimize Cumulative Dose

<latexit sha1_base64="FQZwvS33rLZ9fPWI6eKFxcBQtoE="></latexit>

minimize
PT

t=1 ut

subject to yt � ymin

Minimal u to keep y 
above a desired level

Maximize Performance Maximal final y, above 
some fixed level

<latexit sha1_base64="XtxYxLjz92218bJHcl3v2+aT+48="></latexit>

maximize yT
subject to yt � ymin

Minimize toxicity Apply as much u, keep y 
below a desired level

<latexit sha1_base64="l4ASxNQfp7gPXy2Etn6AJGyfs94="></latexit>

maximize
PT

t=1 ut

subject to yT  ymax



Towards Theory When N=1
• General qualitative theory of control of homeostatic systems.
• Don’t need to know the model, why does this work with such coarse modeling?
• Better normative arguments and data driven derivations of opponent processes.
• Does knowing the math help? Customizing rest times? Other ways to derive better 

training?
• Coupled opponent processes and insights into periodization.
• What other dynamical systems can be trained with similar greedy heuristics? Perhaps 

more interestingly which cannot and what can be done in those settings?
• Collaborative training: sharing knowledge about different individuals to improve overall 

schemes. (This is what coaches/doctors/therapists do)
• Analyzing observational and interventional studies of individuals and generalizing from 

such studies to broader populations.



How can you be the treatment and the control group?

Learn a language

Treat a chronic condition

Learn an instrument
Physical Therapy

Manage mental health

Improve fitness

Dieting



Thanks!
• Special thanks to Murat Arcak, Dave Clarke, John Doyle, Paula Gradu, 

Mustafa Khammash, and Konrad Kording.
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