












Sit-to-Stand Head-Up Tilt 
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−∞

t

∫
dp
dt

= α(− p + p)





Iion,i (t,V ) = gmion,i
x hion,i
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dz
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n(t) = ni
i=1

2

∑ + N

dni
dt

= ki p
n(M − n)
(M / 2)2 −

ni
τ

,     i = 1,2

n(t) = f (V )



γ par =
n
M

γ sym =
1− n(t − τ d )
1+ βγ par

dCach

dt
=
γ par − Cach

τ ach
dCnor

dt
=
γ sym − Cnor

τ nor

h = h0 (1+ mnorCnor − machCach )



p(0) = mean(PR )

n1(t) = n2 (t) = 0    ⇒     n = N ,    − τ d ≤ t ≤ 0

fpar (0) = N
M

,     fsym (t) = 1− N / M
1+ βN / M

,   − τ d ≤ t ≤ 0

Cach (0) = fpar (0),     Cnor (t) = fsym (t),   − τ d ≤ t ≤ 0

h(0) = HR



hM = 217 − 0.85 ⋅ age
hm = 30
hr = HR

h = hM  then n = M  giving  fpar = 1 and fsym = 0

hM = h0 (1− mach )   and   mach =
hM − h0

h0

h = hm  then n ≈ 0 giving  fpar = 0 and  fsym = 1

hm = h0 (1+ mnor )   and   mnor =
hm − h0

h0



h(0) = hr = HR = h0 1+ mnor
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1+ βN /M
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N = M
−b + b2 − 4ac

2a
a = βmach

b = β(hr − h0 ) / h0 + mnor + mach

c = (hr − h0 ) / h0 − mnor

t = 0

{α,k1,k2 ,τ1,τ 2 ,τ ach ,τ nor ,β,h0}



dx
dt

= f (x(t), x(t − τ d ),t;θ),

x = {p,n1,n2 ,Cach ,Cnor}

y(t) = g(x(t;θ), x(t − τ d ;θ),t;θ),    y = {h}

Y (ti ) = g(x(ti;θ), x(ti − τ d ;θ),ti;θ) + εi
Y = {H}
E[εi ] = 0,  cov(εi ,ε j ) = 0 for i ≠ j,  var(εi ) = σ 2 < ∞



θ = α,N ,M ,k1,k2 ,τ1,τ 2 ,τ nor ,τ ach ,β,h0 ,mnor ,mach ,τ d( )T
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Si = Sij = Sθ1 , Sθ2 ,..., Sθq{ }



mnor

k1
τ nor

τ nork1

mnor



τ nor τ ach

θ = α,N ,M ,k1,k2 ,τ1,τ 2 ,β,h0 ,mnor ,mach ,τ d( )T





C = σ 2 (STS)−1

cij =
Cij

CiiC jj

,     −1 ≤ cij ≤ 1,     cii = 1

Y (ti ) = g(x(ti;θ), x(ti − τ d ;θ),ti;θ) + εi
Y = {H}
E[εi ] = 0,  cov(εi ,ε j ) = 0 for i ≠ j,  var(εi ) = σ 2 < ∞



N k1 k2 tau1 tau2 beta h0 mnor mach 

N 1 -0.29 0.72 0.84 0.04 0.14 -0.52 -0.16 -0.80 

k1 1 0.12 -0.03 0.61 -0.33 -0.28 -0.27 -0.04 

k2 1 0.74 0.64 -0.13 -0.91 -0.43 -0.97 

tau1 1 0.14 0.13 -0.61 -0.14 -0.82 

tau2 1 -0.35 -0.73 -0.49 -0.54 

beta 1 0.09 0.91 -0.02 

h0 1 0.26 0.90 

mnor 1 0.28 

mach 1 



N k1 tau1 tau2 beta h0 mnor mach 

N 1 -0.54 0.67 -0.79 0.34 0.46 0.24 -0.64 

k1 1 -0.18 0.71 -0.32 -0.42 -0.25 0.32 

tau1 1 -0.66 0.34 0.24 0.29 -0.62 

tau2 -0.35 -0.45 -0.31 0.47 

beta 1 -0.07 0.95 -0.67 

h0 1 -0.33 0.19 

mnor 1 -0.66 

mach 1 





S = ∂h / ∂θ



dS =
Si+1 − Si
Si+1



S =U∑VT

ρ

V = Vρ  Vn−ρ⎡⎣ ⎤⎦

Vρ
T P = QR
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θ̂n−ρ θ̂0,n−ρ

θ̂ρ

diag ∑( )



 

θ = argminθ J(θ)

J(θ) ≈ σ 2 = RT R =
1

K − q
y(ti ) −Yi
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∑ ,

R = r1,r2 ,...,rK( )T ,
ri =
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AIC = K log J + 2q

J   is the least squares cost
K  is the number of samples in the timeseries
q  is the number of model parameters



Subsets Grad J par norm cor AIC Rank 

SVD‐QR 
2 4 5 11 13 7.9e-5 7.1e-7 k2 6.68 5,11,13 -6.77 18 

2 4 5 11 12 13 8.6e-5 8.0e-7 mnor 14. 7 5,13 -6.71 19 

Correlation analysis 

2 4 6 7 11 12 13 4.9e-5 1.5e-8 mnor 4.28  none -8.61 5 

2 4 5 6 7 11 12 2.0e-5 1.0e-8 k1 2.08 NA -8.81 3 

2 4 6 7 11 12 13 4.9e-5 1.5e-8 msym 4.28 NA -8.61 5 

2 4 5 6 7 10 11 8.5e-5 3.0e-8 k1 3.03 NA -8.29 7 

2 4 6 7 10 11 13 7.8e-5 6.4e-6 k1 47.6 NA -5.71 21 

2 4 7 10 11 13 3.5e-5 3.5e-9 k1 0.86 NA -9.31 1 

2 4 6 7 10 13 1.7e-5 9.7e-9 tau1 1.37 NA -8.83 2 

2 4 6 7 12 13 5.4e-5 2.1e-7 mnor 30.1 NA -7.35 14 

2 4 6 7 13 2.5e-5 1.6e-8 tau1 1.53 NA -8.60 6 

2 4 5 6 12 4.4e-5 8.5e-8 k1 2.25 NA -7.79 9 

2 4 5 6 7 6.2e-5 8.6e-8 k1 1.84 NA -7.79 10 

2 4 5 6 13 6.1e-5 1.7e-e7 k1 2.89 NA -7.45 11 

2 4 5 6 10 7.0e-5 2.4e-e7 k1 2.31 NA -7.30 15 

4 5 6 7 13 9.9e-5 1.3e-6 k1 9.99 NA -6.48 20 

4 5 6 10 4.1e-5 8.0e-8 k1 1.55 NA -7.82 8 

4 5 6 7 4.5e-5 2.4e-7 k1 2.25 NA -7.29 16 

4 5 6 12 6.1e-5 2.9e-7 msym 11.99 NA -7.21 17 



τ nor τ ach
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Healthy young 
subject 

Hypertensive 
elderly subject 

Healthy elderly 
subject 



Reduced dynamics, not 
returning to steady state 

Pressure (blue, data)  and mean 
pressure (red) vs. time Firing rate vs. pressure 

(hysteresis loop is wide 
and closed) 

Loop narrow with decreased 
slope; indicates reduced 
dynamics 

Parasympathetic (blue) 
and sympathetic (red) 
tones vs. Time: 

Diminished tone, in 
particularly sympathetic 
tone 

Healthy 
young 
subject 

Healthy 
elderly 
subject 

Hypertensive 
elderly 
subject 

Reduced dynamics and 
lower resting state 

Reduced dynamics  and 
longer regulation timescale 

Significant sympathetic 
reduction 

HR data (blue, data) and 
HR model (red) vs. time 

Reduced dynamics, higher 
resting state, slower 
regulation 

Reduced dynamics, higher  
rest state, slower regulation  
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