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Mathematical model of age-related changes 
in population of peripheral T cells
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Model assumption: L = const 
Range of application: Adult humans

Romanyukha, Yashin, 2003



Normal ageing

Romanyukha, 
Yashin, 2003

Antigen load (L)
assumed constant

Age>18 years

The age dependent traits of human immune system; (a) the volume of lymphoid tissue in thymus (these values are used in estimation of the
rate of naive T cells production); (b) the volume of lymphoid tissue in spleen (these values are used in the estimation of the whole lymphoid 
tissue dynamics); (c) percentage of naive and memory T cells in the blood; (d) telomere lengths in naive and memory CD4 cells; (e) telomere 
lengths in naive CD4 cells and granulocytes; (f) the logarithm of probability of death due to pneumonia (used as an indicator of immune 
resistance).



Normal ageing, the influence of antigen load

Antigen load (L)
assumed constant

Age>18 years

Romanyukha, 
Yashin, 2003

Mathematical modeling of age related changes in peripheral T cells population in the case of 50% reduction of the antigen load. (a, b) did
not change; (c) the average life span of naive T cells did not change, but the average life span of memory T cells increased; (d) the average levels 
of the telomere length in naive (solid line) and memory (dashed line) T cells is slightly higher. Also (data not shown): the intersection of 
trajectories of naive (N(t)) and memory (M(t)) T cells concentrations happens in older age; only small increase in absolute value of resistance to 
infections in old age takes place in case of reduced antigenic load. Relative increase is about 50-70% and may be notable.



Accelerated ageing 
(HIV infection)

– µM
–

Parameter Normal ageing HIV infection

L 1.25×10-6 g/day 10-5 g/day

ρ2 1.1 50

kT 1.1×10-4 day -1 5.5×10-4 day -1

µ – 0.02 day-1

Sannikova et al., 2004



Initial results
Description of the patterns of normal and accelerated ageing 
of the immune system in adults, sensitivity analysis of the 
model solutions with respect to parameters’ variation 
(Romanyukha, Yashin, 2003; Sannikova et al., 2004)

Main ideas

Further developments

1. The dependence of antigen load from basal metabolic rate        
(our assumption)

2. Generalized picture of the immune system dynamics          
(Marchuk et al., 1991)

3. The concept of the energy cost of immune defense          
(Romanyukha et al., 2006)

1. Quantitative description of the immune system postnatal dynamics
2. Formal data representation and parameters’ identification procedure
3. Elaboration of quality measures for the model parameters’ estimates



The scheme of relating 
antigen load (L) to body mass (m)

Assumption 1: Antigen load is proportional to basal metabolic rate, BMR

BMR ~ m3/4 (Kleiber, 1932)

Body mass can be used as a surrogate measure of antigen load:
L = α5m3/4

Assumption 2: α5 = const
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(general relationship for multicellular organisms grown by hyperplasia)



Modeling T cell population development 
and age-related changes

(N,PN)

(M,PM)

(N*,P*)

Vm

V – the volume of intact peripheral lymphoid tissue
m – the body mass (used as a surrogate measure 

of basal metabolic rate)

Assumption 1: antigenic load is proportional to BMR
Assumption 2: coefficient of proportionality is constant (α5 = const) Rudnev et al., 2006

L=α5m3/4

West, Brown, 2005



Solution to the model system 
with the initial and refined values of parameters

Black and white circles: the data of generalized picture [constructed from the data in (Rufer et al., 
1999; Hulstaert et al., 1994)]. Continuous and dashed lines: model solutions for the initial and 
refined parameters’ values, respectively. Black circles: unused data in current fitting procedure



Comparison with the case of explicitly determined log-linear 
functions N*, P*, and V(t) which precisely fit the data at the 

initial age interval 0-1 and 0-5 years, respectively 
(dashed vs. continuous lines)



Modeling T cell population development 
and age-related changes

The model suggests a 
major contribution of 
acute infections to total 
antigen burden in early 
childhood
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Solution 2
Explicit functions 
N*, P*, and V(t)
for the initial ages

Solution 1
Model-derived 
functions N*, P*, and
V(t) for the initial ages Solution 1:

Not all data of the generalized picture 
are captured, but the immune system 
learning is implicitly described
Solution 2: 
All the data are captured, but the value 
of specific antigen load (and, hence, 
the rate of immune system learning) is 
probably underestimated 

Colored area represents an (evolutionary tracking) 
excess of specific antigenic load over BMR-determined values 
in early childhood due to acute infection morbidity



Accelerated aging in HIV infection
Physiological adaptation as a possible mechanism

The principle of minimal energy dissipation
(Romanyukha et al., 2006):

minf lW W W= + → .

The term 
“energy dissipation”:

William Thomson, 
later Lord Kelvin, 
Professor of Natural 
Philosophy in the 
University of Glasgow 

William Thomson
(1824-1907)

Energy expenses 
on the immune system
function (power units)

Energy loss due to infectious diseases
(power units)



Main result
A decrease in the immune system “sensitivity” (rate constants 
of naïve and memory T cells proliferation (α1 and  α2)) with the 
increasing antigen load

Interpretation
Positive feedback in the progression of HIV infection to AIDS 
(our suggested mechanism of AIDS development)

Similar result
As the frequency of infection increases it becomes more profitable 
to the immune system to tolerate pathogens in the body rather than 
attempt to eliminate them (Romanyukha et al., 2006)

Similar view
Modified cell counts in HIV infection reflect an adaptive response of the 
host; many of the functional changes that occur during the asymptomatic 
phase of HIV infection reflect the chronic activation of the immune 
system (Grossman, Paul, 1992; Grossman, Herberman, 1997)



The data supporting “adaptionist” view    
on the immune system behavior           

in HIV infection
• Development of “infection” anergy in CD4 T cells in HIV infection 
(Grossman et al., 1993)
• Down-regulation of cell surface CD4 on monocyte-derived dendritic 
cells in HIV infection (Kawamura et al., 2003)
• Reconstitution of immune responses in HIV-infected patients treated 
with HAART (Schluger et al., 2003)



Body mass and 
body growth

Antigen load and the immune 
system effectiveness



Body mass and 
body growth

Antigen load and the immune 
system effectiveness

?



Human data
• Primary immunodeficiencies in children impair or even arrest body growth 

(Bjorkander et al., 1984);
• HIV infection in children can lead to growth impairment and growth failure 

depending on viral load (Arpadi et al., 2000);
• Treatment with HAART in HIV-infected children is associated with a sustained 

effect on growth (Verweel et al., 2002);
• Temporal decrease of body mass in acute infections;
• Decreased body mass index in chronic obstructive pulmonary diseases      

(Calle et al., 1999)
Animal data
• Gnotobiology (The study of organisms or conditions that are either free of 

germs or associated only with known or specified germs): Infection of germ-
free chicken impairs body growth by 15-30% (Lochmiller, Deerenberg, 2000).

The influence of antigen load 
on body mass and body growth: 

an empirical evidence



Assumption:
Linear dependence of the rate constant of body mass growth (α4) 
from the parameter of antigen load (α5):

α4 =  α41 - α42α5

Body mass growth

Antigen load



The influence of antigen load              
(a) on the body mass at age 20, and 

(b) on the relative mass of IPLT

a b
Age-dependent effect?

Hypothesis: stabilizing effect of body mass 
on the immune system development



The influence of 2-fold increase in antigen load at the age intervals
[0,5 years] (a), [5,10 years] (b), [10,15 years] (c) and [15,20 years] (d)

on the dynamics of body mass. The normal age-related changes of 
body mass are shown as dotted line

Result: An increasing effect on body mass with age!
Interpretation: Primary importance of early ages for mounting 
an appropriate immune protection later in life



Back to the assumption L = α5m3/4 …

Immune system

Growth and
reproduction

…
Maintenance

BMR < field metabolic rate < MMR

&
(basal metabolic rate) (maximal metabolic rate)

max2OV
BMR ~ m3/4 (Kleiber, 1932; West, Brown, 2005)

~ m0.872 (Weibel, 2004)
max2OV& Most mammals: MMR/BMR ~10

Athletic species: 25-50 (dogs,
horses)

MMR/BMR is used as a general measure of 
physiological adaptability



Why “adaptability”?

• Any adaptive changes in physiological 
systems in response to environmental 
factors (e.g., dynamic adaptation and/or 
parametric plasticity in the immune system) 
are energy-dependent. So, the potential 
extent of physiological adaptation can be 
roughly scaled as the ratio of maximal and 
minimal metabolic rate. 



Increasing death risk of infectious diseases in 
advanced ages: “metabolic” hypothesis

/BMR ~ m0.122 
max2OV&Prerequisite:

Main idea: decline in adaptability (i.e., the value 
MMR/BMR) as a result of acute loss of body mass in 
infectious disease on the background of increasing 
energy deficit caused by the age-related decline in the 
amount of metabolically active body cell mass (see, 
e.g., (Forbes, 1970)). This implies an increase of death 
risk of acute infections even without concomitant rise
of infection disease severity (as was suggested 
previously in (Sannikova et al., 2004) – so-called 
telomere hypothesis)



Main results
1. A method of individual immune life history 

analysis which enables to uncover the 
relationships between the immune system 
development, body growth, infection disease 
morbidity, and mortality.

2. “Metabolic” hypothesis on the mechanisms of 
increasing risk of death from infection diseases 
in advanced age.



Further needs
• Model of energy metabolism and (re)allocation 

at the different stages of ontogenesis
• Model of antigen load

Perspectives
• Immunosenescence
• Inflamm-ageing
• Hygiene hypothesis



Hygiene hypothesis
• “These observations … could be 

explained if allergic diseases were 
prevented by infection in early 
childhood, transmitted by unhygienic 
contact with older siblings, or acquired 
prenatally… Over the past century 
declining family size, improved 
household amenities and higher 
standards of personal cleanlines have 
reduced opportunities for cross-
infection in young families. This may 
have resulted in more widespread 
clinical expression of atopic disease.”

D.P. Strachan, 1989
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