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Statistically Based Model Comparison Techniques

e Previously, discussed techniques (e.g., residual plots) for
investigating correctness of the assumed statistical model
underlying the estimation (OLS or GLS) procedures used in
inverse problems. To this point have not discussed correctness

issues related to choice of mathematical model.

e Number of ways in which questions related to mathematical
model may arise, e.g, modeling studies [BKa83,BKu89b| can
raise questions as to whether a mathematical model can be

improved by more detail and/or further refinement.



e Can we improve mathematical model by assuming more deta:l in
a given mechanism (constant rate vs. time or spatially dependent
rate) — e.g., see [BBDS]-time dependent mortality rates during
sub-lethal damage in insect populations exposed to various levels

of pesticides???

e Or one might question whether an additional mechanism in
model might produce a better fit to data—see |BF1,BF90,BKa&3]
for diffusion alone or diffusion plus convection in cat brain

transport in grey vs. white matter considerations.

e Does addition of delays yield improved model?? see |[BBH]



Before continuing, important point must be made: In model

comparison results outlined below, there are really two models being

compared: the mathematical model and the statistical model. If one
embeds the mathematical model in the wrong statistical model (for
example, assuming constant variance when this really isn’t true),
then the mathematical model comparison results using the
techniques presented here will be invalid (i.e., worthless). An
important remark in all this is that one must have the mathematical
model one wants to simplify or improve (e.g., test whether )V = 0 or
not in the example below) embedded in the correct statistical model
(determined in large part by the observation process), so that the

comparison actually is only with regard to the mathematical model.



Motivation:

e Jllustrate with mathematical model for diffusion-convection
process—use with experiments to study substance (labelled

sucrose) transport in cat brains (heterogeneous—grey and white
matter) [BKa83].

e Transport of substance in cat’s brains described by PDE
(convection/diffusion model) for change in time and space:
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e (= (D,V) e Q= admissible parameter set: D = diffusion
coeflicient, V = bulk velocity of fluid

e Our problem: test whether the parameter )V plays a significant
role in the mathematical model.



e If model (1) represents a diffusion-convection process, seek to
determine whether diffusion alone or diffusion plus convection
best describes transport phenomena represented in cat brain
data sets {y;, } for {u(t;,z;;q)}, concentration of labelled sucrose
at times {?¢;} and location {z; }.

e Wish to test null hypothesis Hy that diffusion alone best
describes data versus alternative hypothesis H 4 that convection
also needed—take Hj : V = 0 and alternative H, : V # 0.
Consequently, restricted parameter set Oy C O defined by

Qu =4{7€ Q:V =0}
important.

e To carry out, need some model comparison tests of analysis of
variance (ANOVA ) type [G76] from statistics involving residual
sum of squares (RSS) in least squares problems.



RSS Based Statistical Tests

In general, we assume an inverse problem with mathematical model
f(t,q) and n observations ¥ = {Y;}7_1. We define an OLS
performance criterion

. 1 —

In(@) = Tn(V, @) = = 3 [V = f(t;, D))",

where our statistical model again has the form
}/j:f(tjaq_)())_kgja j:17°"7n7

with {&;}7_; being independent and identically distributed,

E(&;) = 0 and constant variance var(E;) = 0. As usual qp is the
“true” value of ¢ which we assume to exist. As noted above, we use
Q to represent the set of all the admissible parameters ¢ and assume
that Q is a compact subset of Euclidean space of RP with ¢y € Q.



— —

Let ¢"(Y) = q},.5(Y) be the OLS estimator using J, with
corresponding estimate " = qfy; 5(y) for a realization y = {y, } so

¢"(Y) =argmin J,(Y,7) and ¢" = argminJ,(7,7).
qeQ gee

Remark: m most calculations, one actually uses approximation
N to f (often numerical solution to ODE or PDE for modeling
dynamical system)-tacitly assume f¥ converges to f—Also questions
related to approximations of set @ when infinite dimensional (e.g., in
case of function space parameters such as time or spatially dependent
parameters) by finite dimensional discretizations O™ —see
[BKu89b,BF90] for extensive discussions on convergences [ — f
and OM — O-ignore these issues here, keeping in mind these
approximations will also be of importance in the methodology
discussed below in most practical uses.



In many instances, interested in using data to address whether or not

the “true” parameter ¢y can be found in a subset Oy C O, assumed
here to be defined by

={7€ QH] = cj, (2)

H is r x p matrix of full rank, ¢ a known constant vector. Test null
hypothesis Hy: gy € Qp. Define

¢y (Y) = arg mln J,(Y,7) and ¢} = arg mln Jn (¥, q)
€Qmu €Qmn

and observe that .J,, (Y, ¢%) > J,(Y,{"). Define related non-negative

test statistics and their realizations, respectively, by

T, (Y) = n(J(Y,q}) — Jo(Y,q")) and T, = Ty (7).



One can establish asymptotic convergence results for the test
statistics T, n(}?)—given in detail in [BF90]. These results can, in turn,
be used to establish a fundamental result about more useful statistics

for model comparison. We define these statistics by

—

T, (Y)
Jn(Y,qn)

Un(Y) = (3)

A

with corresponding realizations U,, = U, (7). We then have
asymptotic result that is the basis of ANOVA—type tests.

10



Under reasonable assumptions (very similar to those required in the
asymptotic sampling distribution theory discussed in previous
sections (see [BF90,BKu89b, F88, SeWi|) involving regularity and
the manner in which samples are taken, one can prove a number of

convergence results including:

(i) The estimators ¢" converge to gy with probability one as n — oo ;

(ii) If Hy is true, U, converges in distribution to U(r) as n — oo
where U ~ x?(r), a x? distribution with r degrees of freedom,
where r is the number of constraints specified by the matrix H.
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e Recall that H is the r x p matrix of full rank defining Oy and
that random variables converge in distribution if their
corresponding cumulative distribution functions converge point

wise at all points of continuity of the limit cdf.

e An example of the y? density is depicted in Figure 1 where the
density for x?(4) (x* with r = 4 degrees of freedom) is graphed.
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p(u)

Figure 1: Example of U ~ x?(4) density.

In this figure two parameters (7, «) of interest are shown. For a given
value 7, the value « is simply the probability that the random
variable U will take on a value greater than «. That is,

P(U > 7) = a where in hypothesis testing, « is the significance level
and 7 is the threshold.
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We wish to use this distribution to test the null hypothesis, Hy,
which we approximate by U,, ~ x*(r). If the test statistic, U, >,
then we reject Hy as false with confidence level (1 — a)100%.
Otherwise, we do not reject Hy as true. We emphasize that

care should be taken in stating conclusions: we either reject or do

not reject Hy at the specified level of confidence. For the cat brain
problem, we use a x*(1) table, which can be found in any elementary

statistics text or online and is given here for illustrative purposes, see
Table 1.
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Table 1: x?(1) values.

Q T confidence
25 1.32 75%
1 2.71 90%
05 3.84 95%
01  6.63 99%

.001 10.83 99.9%
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P-Values

The minimum value o™ of a at which Hj can be rejected is called the
p-value. Thus, the smaller the p-value, the stronger the evidence in
the data in support of rejecting the null hypothesis and including the
term in the model, i.e., the more likely the term should be in the
model. We implement this as follows: Once we compute U,, = 7, then
p = o is the value that corresponds to 7 on a x? graph and so we
reject the null hypothesis at any confidence level ¢, such that

c <1 —«". For example, if for a computed 7 we find p = o™ = .0182,
then we would reject Hy at confidence level (1 — a*)100% = 98.18%
or lower. For more information, the reader can consult ANOVA

discussions in any good statistics book.
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Alternative statement

To test the null hypothesis H, we choose a significance level a and
use Y tables to obtain the corresponding threshold 7 = 7(a/) so that
P(x2(r) > 1) = a. We next compute U,, = 7 and compare it to 7. If

U, > 7, then we reject H, as false; otherwise, we do not reject the
null hypothesis Hy.
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Application 1: Cat-Brain Diffusion/Convection
Problem

We summarize use of the model comparison techniques outlined
above by returning to the cat brain example discussed in detail in
[BKa83,BKu89b|. There were 3 sets of experimental data examined,
under the null-hypothesis Hy : V = 0. For Data Set 1, we found after
carrying out the inverse problems over Q and Qp, respectively,

Jo(G") =106.15 and J,(¢7) = 180.1.

In this case U, = 5.579 (note that n = 3 x 8 = 24 # o), for which
p = o = .0182. Thus, we reject Hy in this case at any confidence
level less than 98.18%. Thus, we should reject that 1V = 0, which

suggests convection is important in describing this data set.
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For Data Set 2, we found
Jn(q") =14.68 and J,(q%) = 15.35,

and thus, in this case, we have U, = .365, which implies we do not
reject Hy with high degrees of confidence (p-value very high). This
suggests V = 0, which is completely opposite to the findings for Data
Set 1.

For the final set (Data Set 3) we found
Jo(@) =78 and J,(G%) = 146.71,

which yields in this case, U,, = 15.28. This, as in the case of the first
data set, suggests (with p < .001) that V # 0 is important in
modeling the data.
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The difference in conclusions between the first and last sets and that
of the second set is interesting and perhaps at first puzzling.
However, when discussed with the doctors who provided the data, it
was discovered that the first and last set were taken from the white
matter of the brain, while the other was taken from the grey matter.
This later finding was consistent with observed microscopic tests on
the various matter (micro channels in white matter that promote
convective “flow”). Thus, it can be suggested with a reasonably high
degree of confidence, that white matter exhibits convective transport,

while grey matter does not.
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Application 2: Modeling of Viral Delays in HIV
Infection Dynamics

e Attempts to describe temporal delays in HIV pathogenesis

e Methods for incorporating arbitrary variability (i.e., general
probability distributions) for these delays into systems that
cannot readily be reduced to a finite number of coupled ordinary
differential equations

e Results obtained confirm the statistical significance of the
presence of delays and the importance of including delays in
validating mathematical models with experimental data

e Details in H. T. Banks, D. M. Bortz, and S. E. Holte,
Incorporation of variability into the mathematical modeling of
viral delays in HIV infection dynamics, Mathematical

Biosciences, 183 (2003), 63-91.
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Figure 2: HIV Infection Pathway
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Notation  Description

Vv Infectious viral population

A Acutely infected cells

C Chronically infected cells

T Uninfected or target cells

X Total cell population (infected and uninfected)

(A+C +T)

Table 2: in vitro model compartments
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ODE Models:

V(t) = —cV(t)+nsAlt) +ncCt) —pV ()T(t)
A(t) = (ro—08a—v—0X(t)A(t) +pV(t)T(t)
Ct) = (ry — 6o — 6X (1)) C(t) + vA(t )
T(t) = (ry—06u—0X(t)—pV ()T ( ) +

Parameters (in vitro): ¢ =Infectious viral clearance rate,
n a=Infectious viral production rate for acutely infected cells,
nc=Infectious viral production rate for chronically infected cells,
v=Rate at which acutely infected cells become chronically infected,
=Birth-rate for virally infected cells, r,=Birth-rate for uninfected
cells, d y=Death-rate for acutely infected cells, 0c=Death-rate for
chronically infected cells, d,=Death-rate for uninfected cells,
d=Density dependent overall cell death-rate, p=Rate of infection,
S=Constant rate of target cell replacement.
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Figure 3: Log plot of experimental data (10 observations) from [?].
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Delay Models:

V(t) = —cV(t)+na /_0 At + 71)dPi (1) + ncC(t) — pV ()T (t)
At) = (ro— 64— 6X(E)A(t) -~ / At + 7)dPy(r) + pV (DT (1)
C(t) = (ry, —0c —0X(t))C(t) + 7/_ At + 7)dPs(T)

T@t) = (ro—20,—0X(t)—pV(E)T(t)+S,
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Note that assuming Dirac distributions with atoms at

(—71), (=71 — 72) < 0 respectively, for Py, P, reduces the system to

V(t) = —cV(t) + naA(t — 1) + ncC(t) — pV (t)T(t)
Alt) = (ry—04 — X ()A() —vA(t — 1 — 1) + pV()T(2)
C(t) = (ry —0c — 0X(1)C(t) + vA({E — 11 — 72)

T(t) = (ry — 6y — 60X (t) — pV(NT () + S,
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Moreover it becomes the special case

V() = —cV(t)+na [C At + 1)k (T)dr +ncC(t) — pV (£)T(t)
At) = (ry—0a—0X()A(t) —v [ Alt + T)ka(r)dT + pV (1) T (t)
Ct) = (ro — dc — SX(A)CE) + 7 [° _ At + 7)ka(7)dr

T(t) = (ry — 6y — 60X (t) — pV()T(t) + S,

whenever P, P, possess probability densities kq, ko respectively.
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Fixed Delays Versus Distributed Delays

Assuming Heaviside distributions with unit jumps at —m; < 0 and
—711 — T < 0 corresponds to Dirac delta “densities” and results in the

system

<.
VN
~
N——"
1

—cV () 4+na [0 AX+7)0 4, ()dr +ncC (t) —pV (1) T ()
At) = (ro=0a—=0X ) A(Mt) =7 [L At +T)0 7, r, (7)dr
+ pV ()T (1)
(ry — 60— 6X (D)) C () +7 [° L At +T)6_r,_p, (7)dr
(r — 6y —0X (t) —pV (1)) T (t) + S,

N S
~— —
|
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Abstract Evolution Equation Theory

e Briefly summarize the well-developed theory [B82, BB78, BK79]
pertinent to our efforts.

e Note that when we consider the discrete delay system (4) using
Heaviside functions as P; and P, we take the delays 71, 70 > 0
and WLOG assume r» > 71 + 7 > 0 is finite throughout.

Let

z(t) = (21 (8) w2 (1) 25 (), 2a () = (V (1), A1), C (1), T (1)

and
v, (0)=x(t+0), —1r<0<0,rcRT.
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Our system, as described in (4) can then be written as

t(t) = L(xz(t),x)+ f1(x(t)) + f2(t) for 0 <t <ty

(2(0),29) = (®(0),®)€Z,deC (—r 0;RY)

(5)
where ¢y is finite and for (n,¢) € Z =R* x C (—r,0; R?)

Framework needed for approximations (zero or first order splines in
finite element type approach [B79, B8&2, BB78, BK79]
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Kernel Investigation
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Figure 4: Simulations with the E, kr, and Dirac delta kernels.
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Inverse Problem

e Use Ordinary Least Squares cost criterion

10

J(q)_llo\Z(X(tz‘,Q))A(i)Q, (6)

1=1

where X is M. Emerman data.

e However, cannot calculate solution X exactly—thus we
numerically minimize

10

IV (q) = i)\Z(XN(ti,Q)—Xi)Qa (7)

1=1

where XV = AN + CV + TV is an approximation to X and N is

an integer describing the accuracy of the numerical simulation.
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e With data on the order of 107, it is natural to consider applying
some sort of scaling to the cost function, such as a natural log

10

INa) = 110\ > (g (xVEg-X)) . @®

1=1
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Parameter Value Units
Vo 0 virions
Ap 1.5E +5 cells
Co 0 cells
1o 1.35FE + 6 cells
c 0.12 (virion hours) ™!
s 0.035 (cell hours) ™1
Tu 0.035 (cell hours) ™!
S 0 cells

Table 3: Initial conditions and fixed parameters.
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Parameter Value Units

(na,nc)  (0.112,0.011) hours™!

¥ 9F — 4 hours™*
(04,0¢c)  (0.078,0.025) hours™?

Ou 0.017 hours™!

0 1E — 12 (cell hours) ™1

P 1.3E —6 (cell hours) ™1
(ph1, p2) (-22.8, —26) hours

Table 4: Optimal in vitro model parameter values.
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Figure 5: Data from M. Emerman and best fit simulation X% of (5)
using parameters from Table 4.
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Statistical Significance of the Delays

e Carried out inverse problems for estimating the parameters p, p
and 71, and p, 71, and T, using the least squares criterion of (6)

(or more precisely (7)).

e That is, we first estimate p holding m; = 7 = 0, then estimate p
and 7 with 7 = 0, and finally estimated p, 71, and 7

simultaneously.

e Note that we used delta distributions for both delays (in the
appropriate simulations) in solving the inverse problem, although
the methods apply readily to more general distributions.

e optimized J" using the Nelder-Mead nonlinear iterative routine
in Matlab (fminsearch).
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Optimization Variables p* T Ty J N+
q = (p.0,0) 4.28E -8 | - | - |853E+5
q = (p,71,0) 1.286—6 | 234 | - 207TE +5
q=(p,T1,T2) 1.3 —6 | 228 | 3.2 | 237TE +5

Table 5: Results from the inverse problem.
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considered a null hypothesis of no delay in the acutely infected to
viral production step. This generated a test statistic of

Ulj\é ((p*v 0, O) ) (p*v 7-1*7 O)) —
J (4.275E — 8,0, O) — J(1.279E — 0,234, O)

10
J(1.279E — 6,23.4,0)

= 23.2.

Can use a x?(1) test to reject the hypothesis at all (useful)
confidence levels—suggests that the presence of a delay in the
model 1s statistically significant.

also calculated the statistic to determine the significance of both
delays versus no delay and found

UTS ((p*,0,0), (p*, 71, 73)) = 26
and the significance of two delays versus one delay, obtaining

U ((p*,75,0), (p*, 7, 73)) =2 0.84.
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e As expected, the presence of two delays also appears to be
statistically significant. However, it is interesting to note that for
a null hypothesis of only one delay (i.e., 75 = 0) vs. two delays,
the improvement in the fit to data due to the addition of a
second delay to the inverse problem is not significant (i.e., we can
only reject the hypothesis 75 = 0 at 94% or lower confidence
levels). This suggests that the modeling of the delay between
infection and production is somewhat more critical than modeling
a delay between acute productivity and chronic infection in
developing an accurate mathematical representation (which
concurs with the conclusions from our studies here as well as a

sophisticated sensitivity analysis covered in [BaBo]).
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