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Abstract Parametric models for survival data help

to differentiate aging from other lifespan determi-

nants. However, such inferences suffer from small

sizes of experimental animal samples and variable

animals handling by different labs. We analyzed

control data from a single laboratory where interven-

tions in murine lifespan were studied over decades.

The minimal Gompertz model (GM) was found to

perform best with most murine strains. However,

when several control datasets related to a particular

strain are fitted to GM, strikingly rigid interdepen-

dencies between GM parameters emerge, consistent

with the Strehler-Mildvan correlation (SMC). SMC

emerges even when survival patterns do not conform

to GM, as with cancer-prone HER2/neu mice, which

die at a log-normally distributed age. Numerical

experiments show that SMC includes an artifact

whose magnitude depends on dataset deviation from

conformance to GM irrespectively of the noisiness of

small datasets, another contributor to SMC. Still

another contributor to SMC is the compensation effect

of mortality (CEM): a real tradeoff between the

physiological factors responsible for initial vitality

and the rate of its decline. To avoid misinterpretations,

we advise checking experimental results against a

SMC based on historical controls or on subgroups

obtained by randomization of control animals. An

apparent acceleration of aging associated with a

decrease in the initial mortality is invalid if it is not

greater than SMC suggests. This approach applied to

published data suggests that the effects of calorie

restriction and of drugs believed to mimic it are

different. SMC and CEM relevance to human survival

patterns is discussed.

Keywords Survival � Mortality; aging � Parametric

model � Gompertz-Makeham law � Strehler-Mildvan

correlation; theories of aging

…we are suffering from a plethora of surmise,

conjecture and hypothesis. The difficulty is to

detach the framework of fact—of absolute

undeniable fact—from the embellishments of

theorists and reporters.

Sherlock Holmes

Silver Blaze

Introduction

Using laboratory rodents to test interventions intended

to increase healthy lifespan in humans is an essential

step from basic research to its applications. It is

increasingly recognized that when only the mean,
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median or modal lifespans are indicated in a report on

such a test, important information, which is present in

complete survival data, is missed. Being extracted

from survival curves, this information may help to

define which lifespan determinants, such as aging rate,

are implicated in the observed effects (Shouman and

Witten 1995; Pletcher et al. 2000; de Magalhaes et al.

2005).

Under protected laboratory conditions, where

predators, infections and other wildlife factors of

age-independent mortality are minimized, the main

determinants of lifespan include the initial viability of

animals and its general decline observed with increas-

ing age and manifested as increasing mortality rate.

When a particular pathologic process is recognized as

a significant contributor to the observed mortality and

survival patterns, as it may be with transgenic animals

deliberately made highly prone to a pathology, such as

cancer, the rate of its development, which culminates

in death, should be taken into account too.

Thus, two contrasting views on relationships

between age-dependent mortality and lifespan may

be distinguished. One of the views implies that age-

dependent mortality patterns are generated by phys-

iological changes that gradually increase chances to

die of any causes, and the other view implies that

physiological changes lead to death caused by a

particular factor at a certain age, which varies, as all

quantitative biological parameters do, according to a

certain distribution.

The basic parametric models representing the two

views are shown in Table 1. In demography, many

other models, with much more parameters, have been

suggested (de Beer and Janssen 2016; Tabeau 2001)

just to ensure possibly more accurate fits to data

derived from huge samples represented by human

populations, without caring much about possible

biological implications of the models.

The Gompertz model (GM) and its elaborations,

such as Gompertz-Makeham model (GMM) [see

(Olshansky and Carnes 1997; Golubev 2009; Kirk-

wood 2015;)] and logistic Gompertz model (LGM)

(Pletcher et al. 2000), are derived from the assumption

that the risk of death is a certain function of age, so that

the mortality rate (hazard function) l depends on age

according to the equationl(t) = k � ec�t, which is much

simpler and intuitively comprehensible that the

respective cumulative distribution function (CDF)

and probability density function (PDF)—see Table 1.

The term c is interpreted as capturing the rate of aging,
and the term k (l at t = 0), as capturing the initial

vulnerability to the causes of death (the inverse of the

initial robustness, vigor, or viability). By contrast, the

Gaussian and lognormal models are derived from

assumptions about age-at-death distributions (PDF),

which in these cases are simpler and better tractable an-

alytically than the respective hazard functions and

CDFs.

GM corresponds to the view that aging causes a

gradual constantly accelerating (i.e., close to an

exponential) increase in the probability of death

during a defined time interval. By contrast, the

Gaussian and lognormal models imply that aging

leads to death at a certain age ± some random

deviations; therefore, the rate of aging may be thought

of as the inverse of the time to death. The Gaussian

implies that the variability of ages at death is generated

by numerous additive influences, whereas the lognor-

mal implies that the effects of the influences are

multiplicative. The Gaussian model is, strictly speak-

ing, inherently inadequate to most of biological

situations because the domain of its PDF extends to

negative values. Although the central limit theorem

justifies its applicability, as a practically acceptable ap-

proximation, to apparently symmetric distributions,

whose means are positive and much greater than

standard errors, the lognormal distribution has been

repeatedly suggested to be used for characterization of

biological variabilities, in particular, times to death of

defined diseases, including cancers (Chapman et al.

2013; Limpert and Stahel 2011, 2017; Royston 2001).

The graphical inserts in Table 1 show the charac-

teristic features of the above distributions. The plots in

the inserts were built by approximating data on the

survival of female NMRI mice (see below) with

respective CDFs. The pure GM is distinctive in that its

hazard functions is linear on a semilogarithmic scale,

and its PDF is left-skewed. The lognormal PDF is

right-skewed, at marked difference from the GM PDF.

The plots of the hazard functions of the Gaussian and

lognormal models may, if they are interpreted in GM

terms, suggest that increases in the rate of aging

decelerate at later ages. Noteworthy, the survival

(CDF) plots, which are the ones reported usually, may

be virtually indistinguishable at a glance.

The common approach to presenting survival data

is to use Kaplan–Meier plots. This approach originates

from pharmacological trials intended to test
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Table 1 Two opposing approaches to the parametric analysis of survival and mortality data*
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* Thick faint lines on graphical inserts, which show plots derived from normalized data on NMRI mice survival (see below), relate

each time to GM

** The parametersk, c, and C are usually interpreted, respectively, as the initial mortality (the inverse of the initial vitality), the rate

of aging, and the age-independent (background, external) mortality, and s, as quantifying the heterogeneity of a population (cohort)

*** erf is the error function, which is not representable with elementary functions; only numerical treatment is possible

**** The parameterized expressions for respective PDF to CDF ratios are omitted because of their awkwardness
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interventions in a specific pathology and originally is

designed to exclude death cases unrelated to a

pathology of interest [see (Breslow 1992)]. The

exclusion procedures, which are known as censoring,

may be irrelevant in experimental gerontology when a

cohort under study is followed up to the death of its last

member, and death cases are not differentiated by their

causes. Therefore, presenting survival data as points

that show the numbers (fractions) of survivors versus

time may be admitted as adequate.

However, in studies with mice, the sizes of

experimental groups are usually not enough to provide

in each particular case for a reliable judgment, even in

qualitative terms, about the rule that governs the time

course of survival in the respective parent population

and generates the corresponding age-at-death distri-

bution, which may be described with a parametric

model, in particular, interpretable in terms of the

initial viability and the rate of its decline. This is even

more so with regard to the quantitative estimates of the

parameters of any model chosen.

The factors that have been shown by different

authors (Witten and Satzer 1992; Eakin et al. 1995;

Shouman and Witten 1995; Pletcher 1999; Pletcher

et al. 2000; Golubev 2004, 2009; Yen et al. 2008;

Petrascheck and Miller 2017; Bokov et al. 2017;

Tarkhov et al. 2017; Tai and Noymer 2018) to bias the

estimates of the parameters of any analytical model,

such as a GM-based one, which is used to approximate

survival data, include the following:

• Differences in the sizes of study samples drawn

from a parent population, which make parameter

estimates for each sample different. In particular,

increasing the initial size of a study cohort will

tend to decrease the estimates of k and increase the
estimates of c in GM.

• The accuracy of age-at-death records, which

depends on time intervals chosen to check for the

presence of death animals and thus on the

discretization of the survival time of a cohort.

• The positive correlation between the survival time

of a cohort and its initial size.

• Themathematical techniques or algorithms chosen

to approximate a limited set of discrete data with a

smooth function.

• Uncontrolled environmental changes that occur

through the time of observation of a cohort.

• The inhomogeneity of a cohort under study.

• Deviations of the physiological decline from

linearity, especially at the extremes of cohort

lifespan.

• The assumption that the values of some of the

essential parameters of a model, e.g. the back-

ground mortality C in GMM, are invariably too

small to matter in practical fitting terms.

• Using of period data to make inferences about

cohorts.

Importantly, with a two- or three-parametric model,

biases simultaneously introduced to the estimates of

its parameters by one of the above factors may

introduce an apparent correlation between the param-

eters that otherwise must be independent according to

the basic assumptions of the model, which thus may

become compromised.

One way to obviate at least some of the above issues

is to increase the initial sizes of experimental cohorts,

e.g., it has been shown that cohort size-dependent

biases of the estimates of GM parameters become

negligible at initial cohort sizes above 160 (Bokov

et al. 2017). However, this approach will not work

when the factors that are included in the second half of

the above list are at work. Besides, taking this

approach straightforwardly will invalidate most of

experimental findings obtained so far with vertebrates.

A similar problem with clinical trials resulted in the

development of meta-analysis procedures, which were

recently adopted to analyses of published results of

gerontologic experiments (Nakagawa et al. 2012;

Simons et al. 2013; Liang et al. 2018). Another

approach is to use the data presented in published

works as tables or plots (survival curves) for treating

them all in the same way, which may be not the one

exercised in all of the source publications or in any of

them. Several analyses like that were performed using

different approaches to finding and comparing the

parameters of models chosen to fit experimental data

(de Magalhaes et al. 2005; Hughes and Hekimi 2016;

Shen et al. 2017; Simons et al. 2013; Yen et al. 2008).

Each time a single approach is used, its possible biases

are systematic across all datasets and, therefore, the

resulting unidirectional inaccuracies hardly interfere

in a significant manner with inferences from compar-

ing changes in a parameter of choice across different

experiments.

DeMagalhaes et al. (2005) reported on their anal-

ysis of the results of two dozen studies where genetic
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modifications influenced lifespan in mice. GM param-

eters were derived from the estimates of hazard, which

were obtained by relating death events to appropri-

ately chosen age intervals. The log-transformed

numerical values were then fitted with a straight line

using linear regression. It was concluded that for the

comparison of experiments involving small numbers

of animals the basic GM, which does not account for

the background mortality (which is captured by the

Makeham parameter C) and of the heterogeneity of

animals, is suitable. It was shown that, in many cases,

changes in lifespan claimed by the authors of the

original findings to suggest changes in the rate of aging

(c according to the notation used in the present paper)

were more consistent with changes in the initial

mortality (k). Remarkably, for SAMP (senescence

acceleration prone) mice, which are generally

believed to exhibit an accelerated aging, plotting of

log hazard against age, which according to GM must

yield a straight line, yielded patterns qualified as

‘‘bizarre’’ (de Magalhaes et al. 2005).

Another remarkable observation mentioned by

deMagalhaes et al. is a negative linear correlation

between c and lnk. This correlation was predicted by

B. Strehler and A. Mildvan based on their general

theory of aging and confirmed in the same paper

(Strehler and Mildvan 1960) by comparing Gompertz

parameters, which were derived from period data,

across human populations in different countries. These

observations were later reproduced many times by

other authors [e.g. (Anderson et al. 2017; Finkelstein

2012; Gavrilov and Gavrilova 1991; Zheng et al.

2012), but their significance was disputed. At present,

opinions on the Strehler-Mildvan correlation (SMC)

range from attributing it to artifacts of the mathemat-

ical treatment of survival and/or mortality data

(Burger and Missov 2016; Tarkhov et al. 2017) to

providing reasons to believe that the artifact may be

superimposed on manifestations of the real hetero-

geneity of a study population (Avraam et al. 2016;

Shen et al. 2017; Zheng et al. 2012) and/or the basic

physiological tradeoffs relevant to aging (Golubev

2009; Golubev et al. 2017b; Shen et al. 2017).

Yen et al. (2008) compared the approach used by

DeMagalhaes et al. (2004) with extracting GM

parameters from survival curves by fitting them to

GM CDF using nonlinear regression or maximum

likelihood estimation (MLE) to find the combinations

of parameters that could fit experimental datasets best.

Yen et al. confirmed the conclusion (Eakin et al. 1995;

Pletcher 1999) that MLE is superior to other

approaches to survival curve fitting. The authors also

confirmed that increases in lifespan are not necessarily

associated with decreases in the rate of aging. They did

not check GM parameters for a correlation; however,

SMC can be revealed by plotting their estimates of c
against lnk.

Hughes and Hekimi (2016) used MLE to extract k
and c values from survival data and found correlations

betweenmedian lifespans with k but not c in a series of
murine strains. The authors did not mention SMC. The

correlation however is apparent in supplementary

materials to their paper.

Thus, extracting GM parameters from survival

curves may provide for meaningful conclusions when

they are based on comparisons across a set of similarly

treated different samples even if each sample is too

small for drawing reliable inferences from it. The use

of an elaboration, such as GMM or LGM, of the basic

GM in such cases adds little if anything because the

subtle features that are captured by additional param-

eters may be revealed only when samples are big

enough to provide for a sufficient resolution (Bokov

et al. 2017). Anyway, the prerequisite of such analysis

is the in-principle conformance of all samples to GM,

either basic or appropriately elaborated. This may not

be so with genetically modifies mice, which often

develop a dominant pathology resulting in death rather

than exhibit a gradual increase in vulnerability to

many causes of death. Another open question is the

significance of correlations between GM parameters.

To address these issues we used a unique combi-

nation of survival datasets obtained in a single

laboratory over years of testing different interventions

in the lifespans of mice of several strains kept under

similar standard conditions (Anisimov et al. 2013).

Most of experiments at the base of the present study

have been published earlier (references will be given

at appropriate places in Results and Discussion).

Because samples from a single stock were used as

controls in several experiments performed over a

decade, the use of the control datasets allows com-

parisons of samples attributable to a single parent

population, as well as comparisons across strains and

experimental conditions.

To determine in an unbiased manner (that is

without taking into account the possible interpreta-

tions of the parameters of models under comparison),

123

Biogerontology (2018) 19:341–365 345



which CDF is most relevant to a given dataset and

across datasets, we tried the approach found to be

helpful in comparing different PDF models applied to

cell cycle time variability (Golubev 2016) using a

curve-fitting tool specifically designed for such com-

parisons: TableCurve 2D (TC2D) ver. 5.1 (Systat

Software Inc., San Jose, CA, fully functional trial

version available at http://www.sigmaplot.com/

products/tablecurve2d).

Methods and materials

Numerical data were derived from published survival

curves using the CurveSnap free digitizer application

(https://curvesnap.en.softonic.com/) upon assigning

unity to the tops of the original plots. With Kaplan–

Meier type plots, only the lower points of their vertical

segments (the proportions of mice survived up to

defined time points) were recorded.

The numerical data extracted from survival plots

were treated with TableCurve 2D (TC2D) ver. 5.1

(Systat Software Inc., San Jose, CA) where nonlinear

maximum likelihood estimation (MLE) is employed

to compare its inbuilt as well as user-defined functions

(UDF). The results are presented as ranked lists of

functions able to fit an input dataset, each function

associated with the estimates of its fit (determination

coefficient r2, DOF-adjusted r2, and f-statistic values)

and of its parameters and respective standard errors

and confidence intervals. The plots of the analytical

approximations of datasets are displayed for each

function, and their numerical representations may be

used for further analysis. Among the inbuilt functions,

15 (transition functions) are applicable, in principle, to

survival data. They include, in particular, CDFs

corresponding to the normal, lognormal, and Weibull

distributions, and several versions of logistic dose–

response and sigmoid functions. The functions that

feature symmetric PDFs, which extend to the negative

domain, were disregarded as having no physical sense

in the present context, except for the cumulative

normal distribution, which was used for comparative

purposes.

A controversial issue is the choice of the initial age.

In many experiments and publications, no deaths were

observed or reported until the age of 100–200 days,

and no points are present in these intervals. We

reasoned that upon the assumption that a sample under

consideration conforms to a parametrically repre-

sentable law, which governs the survival pattern of the

respective parent population, it is possible to calculate

the proportion of death cases that must fall within the

period where no actual deaths were observed. The

calculated proportions are such that sample sizes

required for the counts of deaths occurring before

100 days to exceed unity must be too big for routine

practice. For example, with 129/Svmice, GM suggests

that one has to start with thousands of mice or to

perform hundreds of experiments with samples of

conventional sizes about 50 (this does not rule out the

possibility of an accidental observation of death in

even a smaller-scale single experiment). A similar

problem, by the way, relates to the opposite end of an

analytical approximation of a survival curve. Even if

the approximation extends to infinity, this does not

mean that (murine) lifespan is infinite: with any

limited cohort, its actual survival discontinues near a

time point where the number of survivors reaches

unity. This means that the time of the death-caused

exhaustion of a cohort must increase with increasing

its initial size. The fact that the maximal observed

lifespans correlate with the sizes of the populations of

a species studied is long acknowledged (Wilmoth et al.

2000).

Another issue is whether the day of birth or the day

of reaching the mature state should be taken as the

starting point for analysis. Clearly, survival patterns

before and after reaching the maturity must be

different. However, with samples as small as those

being dealt with, both the maturation and the post-

maturation periods, until at least 100 days of age, are

similar in showing zero mortality. With account of the

lack of a universal agreement concerning the age of

maturation in mice (the onset of estrous cycles, or

body weight constancy, or established neuronal con-

nectivity?) it was decided to start analysis from day

‘‘zero’’. Systematic biases in parameter estimates

when they all are based on a single assumption must

be irrelevant for comparisons between samples. For

example, for all samples assumed to conform to GM,

shifting the starting point from 0 to 100 or 200 days

will produce virtually no effect on the estimates of c
and will decrease the estimates of k proportionally

about 3 or 9 times, respectively, which will make no

impact on comparing k across samples.

As an example, treating the data (Anisimov et al.

2011b) on the survival of 155 female SHRmice (Swiss
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H-derived outbred mice originating from Rappolovo

Farms) with TC2D tool will be described below.

The list of functions ranked by their fits (determi-

nation coefficients r2) to survival data is presented in

Table 2. All user-defined functions (UDF) are printed

in bold type, and the only user-defined function (i.e.,

Gompertz CDF) that does not have inbuilt analogues is

printed in italics. All inbuilt functions have an

additional adjustable scale parameter designated as

H here because it captures transition height. Since all

input data were normalized to unity, the inbuilt

functions were supplemented with UDFs where

H was deleted. The physical (biological) meanings

of the parameters c, k, S, and r are assumed to be

intuitively clear (see Table 1). No effort to interpret

the parameters designated as a and b was made. The

fits of the functions having ranks from eighth to

thirteenth are overly inferior to those of the functions

having higher ranks. The same is true for UDFs of

cumulative gamma and Wald (inverse Gaussian)

distributions. These observations are relevant to all

datasets that were analyzed.

The models, all defined with respective UDFs and

constrained to unity at time 0, that were eventually

chosen to compare them through the present paper are

presented in bold font. Their rankings may be different

in other cases. However, with r2 values as high and

differences between them as small as shown in

Table 2, any model based on some premises applied

to a single dataset may be construed as suggesting that

the premises are valid, if no comparison with

competing models is made. Moreover, a single

comparison is insufficient when differences between

fits are as small as in the present case. An unbiased

choice of the most appropriate model should be based

on its ability to outperform other models

systematically.

Results and discussion

Comparing the performance of parametric models

applied to murine survival datasets

Table 3 compares the performances of four models

highlighted in Table 2 upon their application to

survival curves of non-genetically modified female

mice of several strains. The superiority of GM, which

is the only model whose PDF is skewed negatively, is

small if judged by r2; however it is quite consistent

(p\ 0.01 even by the simplest nonparametric crite-

rion, i.e. sign test (Dixon and Mood 1946)).

The superiority of GM is not simply because it is

more flexible in comparison with competitors. The

results of its application are far less consistent when

data on transgenic HER2/neu female mice survival are

treated in the same way as above. The mice have a

copy of rat HER2 gene coding for an epidermal growth

factor receptor. Because of that, they almost invariably

die of mammary cancer, the mean lifespan being three

times shorter than that of their strain of origin, FVB/N.

The basic differences in survival patterns between

HER2/neu and FVB/N mice compared in the same

Table 2 A ranked list of

transition function applied

to data (Anisimov et al.

2011a, b) on the survival of

female outbred Swiss-

derived SHR mice*

*Italic—user-defined

function having no inbuilt

analogues

*Bold characters—

functions chosen for being

used in analysis

Rank Determination coefficient r2 Function

1 0.995 Gompertz cumulative (c,k)

2 0.993 Gaussian cumulative (H,S,r)

3 0.988 Gaussian cumulative (S,r)

4 0.987 Logistic dose–response_(H,a,b)

5 0.986 Lognormal cumulative (H,S,r)

6 0.968 Logistic dose-response (a,b)

7 0.966 Lognormal cumulative (a,b)

8 1e-08 Asymmetric sigmoid_(H,a,b)

9 1e-08 Cascade_(H,a,b,c)

10 1e-08 Exponentially modified Gaussian_(H,a,b,c)

11 1e-08 Pulse-power cumulative_(H,a,b,c)

12 1e-08 Weibull cumulative (H,a,b,c)

13 1e-08 Asymmetric sigmoid reverse (H,a,b,c)
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experiment (Panchenko et al. 2016) are shown in

Figs. 1 and 3.

At a glance, the approximations of HER2/neu

survival patterns with the three functions chosen for

being compared are virtually identical. A preference

for any of them will be precarious if based on

negligible differences between r2 values. Notably,

the preference for GM to be applied to both of the

survival plots would suggest an accelerated aging in

HER2/neu mice.

An attempt to define preferences based on the

systematic comparative over- or underperformance of

Table 3 The comparative performance of parametric models applied to control data on non-genetically modified female mice

survival

Strain n Mean age Data source Model (the skewness of its PDF)*

GM (-) NM (0) LDR (?) LNM (??)

r2 Rank r2 Rank r2 Rank r2 Rank

129/Sv 48 711 ± 24 Anisimov et al. (2010b) .982 1 .975 2 .963 4 .964 3

129/Sv 65 786 ± 19 Anisimov et al. (2011b) .991 1 .972 2 .965 3 .964 4

129/Sv 46 763 ± 22 Popovich et al. (2013) .992 1 .982 2 .972 3 .971 4

129/Sv 35 758 ± 32 Anisimov et al. (2015) .978 1 .969 2 .938 3 .936 4

SHR# 80 559 ± 23 Anisimov et al. (2011b) .995 1 .989 2 .968 3 .966 4

SHR# 119 511 ± 20 Anisimov et al. (2011a) .996 1 .995 2 .977 3 .976 4

SHR# 60 596 ± 16 Anisimov et al. (2016) .993 1 .987 2 .977 3 .976 4

NMRI 50 346 ± 12 Popovich et al. (2004) .994 1 .989 2 .979 3 .978 4

FVB/N 50 600 ± 12 Panchenko et al. (2016) .984 1 .969 2 .938 3 .934 4

#Outbred mice derived from the Swiss H strain

*(-) PDF is skewed negatively; (0) PDF is symmetrical; (?) PDF is skewed positively; (??) PDF is strongly skewed positively

The bold characters indicate only that the respective parameters are the most significant

Fig. 1 Survival patterns of female HER2/neu and FVB/N mice
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a model (Table 4) leads to inconsistent results for

HER2/neu mice, although suggests that the functions

that feature non-skewed (normal model, NM) and/or

slightly positively skewed PDFs (logistic dose

response model, LDRM) are somewhat advantageous.

Statistical reasons to prefer this or that model may

be supplemented with the biological plausibility of the

estimates of its parameters reinforced with common

sense. Figure 2 shows the estimates of k derived from

GM applied to murine survival data and to data

(Golubev 2009) derived from human mortality

analysis.

The estimates of k suggest, contrary to common

sense, that the initial viability of transgenic cancer-

prone HER2/neu mice is higher than that of their strain

of origin as well as of other genetically non-modified

strains. Moreover, HER2/neu k values overlap with k
values typical for humans, which might suggest that

HER2/neu mice, unlike other murine strains, may be

initially as death-proof as humans are. With this in

mind, it is reasonable in this case to reject GM in favor

of either LDRM or lognormal model (LNM), which

are irrelevant to the notion of aging. The latter choice

is supported by LNM applicability to cancer patient

survivorship as well as to latent periods of other

diseases (Limpert and Stahel 2017; Royston 2001;

Spratt 1969; Wang et al. 2010). It comes out in the

final account that the cohorts of FVB/N, as well as

129/Sv and SHR mice, die out because of exponen-

tially increasing chances to die, which is consistent

with aging, whereas HER2/neu mice are doomed to

die at a certain age ± some relatively small random

deviations unrelated to aging. The difference between

the age-at-death distributions of FVB/N and HER2/

neu mice are shown in Fig. 3. Note that skewness is

negative in the former and positive in the latter case.

Table 4 Ranking of four models applied to control survival datasets obtained in experiments with female HER2/neu mice

Data source Mean age n The ranks the fits of a model (PDF skewness)* to data

GM (–) NM (0) LDRM (?) LNM (??)

Anisimov et al. (2003) 281 ± 8 30 1 2 3 4

Popovich et al. (2004) 321 ± 10 29 4 3 1 2

Anisimov et al. (2005) 264 ± 4 34 4 3 1 2

Anisimov et al. (2010a) 285 ± 12 15 4 1 2 3

Iurova et al. (2010) 289 ± 6 76 1 2 3 4

Anisimov et al. (2010c) 296 ± 6 28 4 3 1 2

Tyndyk et al. (2012) 292 ± 4 33 1 2 3 4

Popovich et al. (2014)# 268 ± 15 12 1 2 3 4

Popovich et al. (2014)# 278 ± 5 32 4 1 2 3

Popovich et al. (2014)# 285 ± 6 19 1 2 3 4

Panchenko et al. (2016) 278 ± 5 32 4 3 1 2

Unpublished (2017) 274 ± 5 55 4 1 2 3

Ranks sum 33 25 25 38

#Three controls used for different ages of the onset of experimental treatment

*(-) PDF is skewed negatively; (0) PDF is symmetrical; (?) PDF is skewed positively; (??) PDF is strongly skewed positively

Fig. 2 The estimates of the initial mortality (k) derived by

applying GM to data on the survival of four murine strains.

Human data are the same as used in (Golubev 2009)
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One may say that it is hardly a revelation to show

that the survival and mortality patterns of highly

cancer-prone transgenic mice are irrelevant to aging.

However, when the approach used to show this is

applied to SAMPmice, which are commonly regarded

as models of accelerated aging, less anticipated

concerns are raised. Table 5, where the fits of different

models to published data on SAMP mice survival are

compared, provide reasons to doubt whether senes-

cence is what may be really responsible for the

decreased mean lifespan of SAMP mice. Even though

available evidence is limited, Table 5, compared with

Table 3, is far less in favor of GM and, in this regard, is

more similar to Table 4.

Further evidence that may clarify the applicability

of GM-based models to SAMP, HER2/neu, and non-

genetically modified mice comes from correlations

between c and k that emerge when GM is applied to all

murine strains invariably.

Correlations between the parameters of models

applied to murine survival datasets

Relationships between the values of c and k derived

from GM and its elaborations applied to data on

female 129/Sv mice survival are shown in Fig. 4.

A striking feature of the relationships between lnk
and c is a negative linear correlation between their

apparent values related to four control samples of the

same murine strain. It is recognized that apparent

changes in c and k are correlated in this way, which is

generally known as the Strehler-Mildvan correlation

(SMC), when pure GM is applied to datasets that are

consistent with GMM and differ only in the back-

ground mortality captured by C (Gavrilov and

Gavrilova 1991; Golubev 2004). However, GMM or

LGM applied to control 129/Sv data does not elim-

inate SMC.Moreover, all correlations in Fig. 4 look as

dead rigid interdependencies, which are too good to be

attributed to a biological factor and thus are likely to

be artifactual.

A reasonable explanation of this phenomenon is the

tendency of the parameters of any non-linear multi-

parametric model to become cross-correlated when it

is applied to small datasets (Johnson 2000). Indeed,

the parameters of the lognormal or LDR models are

also cross-correlated if the models are used to fit real

129/Sv survival datasets as well as datasets generated

numerically with GM or GMM, but not with the

lognormal or LDR model, respectively (not shown).

SMC is conspicuous in its peculiar form: c shows

negative linear correlation with lnk (lnk = – Ac – B).

The origin of this peculiarity, which is rooted in the

pre- and post-exponent positions of the two parame-

ters, has been investigated based on huge experimental

C. elegans datasets in (Tarkhov et al. 2017) and

illustrated with demographic human survival data

(Burger and Missov 2016; Tarkhov et al. 2017). Its

manifestations in and implications for significantly

smaller experimental murine datasets are explored in

the present work.

To check whether SMC arises when samples under

study, which are not strictly consistent with GM,

feature differences in c or k rather than in C, numerical

experiments were performed. A survival plot was

generated using a GMM CDF at c = 0.0009,

k = 0.5 9 10-6, and C = 0.0003, which are within

the ranges found when GMM is applied to datasets

explored in the present work. Then each of the

parameters was altered in several steps while the other

two were constant. The resulting three series of

modeled plots are shown in Fig. 5.

Data points were taken from each plot in 40-day

intervals to make 30 entries in each dataset, as in a

typical experiment with mice. The datasets were fitted

Fig. 3 Age at death

(lifespan) distributions of

HER2/neu mice (solid line)

and their parent FVB/N

mice (dotted line) according

to their best-justified

lognormal and Gompertz

models, respectively
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with GM, GMM and LGM using the TC2D tool. The

resulting estimates of c and lnk are shown in Fig. 6.

An anticipated observation, which is still worthy of

mentioning, is that, when a right model is used, the

results of fitting shown in Fig. 6 exactly conform to the

input datasets used to construct the CDFs to be fitted

(Fig. 5), even though the datasets are quite small. E.g.,

c varies at a constant k (filled squares in Fig. 6) when

GMM is used to fit CDF generated using GMM at

variable c and constant k and C. However when the

same CDF is fitted with GM, both c and k vary in a

negatively correlated way (open squares in Fig. 6),

consistent with SMC, although not its original version,

which implies variations in C.

A less anticipated conclusion from Fig. 6 is that, if

k is varied in GMM at constant C and c, then GM c and
k will be correlated positively, contrary to SMC.

Numerical experiments with other models (not shown)

confirm that positive, not only negative, correlations

between c and k are possible if pure GM is applied to

plots generated by varying c or k in a GM-based model

when its additional parameter is kept constant. How-

ever, the correlations are consistently negative when

Table 5 Comparative performance of four parametric models applied to published data on the survival of accelerated senescence-

prone (SAMP) mice

Data source Mean lifespan n Model (the skewness of its PDF)*

GM (-) NM (0) LDR (?) LNM (??)

r2 Rank r2 Rank r2 Rank r2 Rank

Carter et al. (2005)# SAMP8 & 400 237 .9894 4 .9981 3 .9983 2 .9985 1

SAMP10 & 420 169 .9886 4 .9961 2 .9965 1 .9959 3

Takeda et al. (1981) & 290 [500 .9972 2 .9992 1 .9960 3 .9964 4

Porquet et al. (2013) & 330 50 .9813 4 .9890 3 .9906 2 .9913 1

(Umezawa et al. 2000)## 357 ± 21 21 .9838 1 .9793 2 .9659 4 .9661 3

426 ± 24 20 .9861 4 .9927 1 .9871 3 .9884 2

Ranks sum 19 11 15 16

#Color tracking instead of point selection was used to digitize plots
##Two different calorie-matched nutritional regimens

*(-) PDF is skewed negatively; (0) PDF is symmetrical; (?) PDF is skewed positively; (??) PDF is strongly skewed positively

The bold characters indicate only that the respective parameters are the most significant

Fig. 4 Correlations

between the estimates of lnk
and c derived from four sets

of control female 129/Sv

mice survival data (Table 3)

according to GM (triangles,

thick gray line), GMM

(circles, dashed line), and

LGM (diamonds, dotted

line)
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the additional parameter is varied or when a model

unrelated to GM is used to generate input data.

With any GM-based model applied to sur-

vival/mortality data that are not strictly consistent

with it, the relationships between c and lnk are usually
shaped as a linear negative correlation, which is

commonly termed the Strehler-Mildvan correlation

(SMC). This term will be used below until reasons will

Fig. 5 Modeled GMM survival plots. Thick solid line: the

initial plot (c = 0.009, k = 0.5 9 10-6, and C = 0.0003). Thin

solid lines are constructed by decreasing C to 0.0002, 0.0001,

and 0.0000. Thick gray lines are constructed by decreasing c to

0.008, 0.007, and 0.006. Dotted lines are at k = 10-5 (on the left

of the initial plot), and k = 2 9 10-6, = 10-6, and = 5 9 10-7

(on the right)

Fig. 6 Apparent changes in GM parameters (open symbols)

when GM is used to fit survival plots (CDFs) constructed by

varying GMM parameters (filled symbols). When only c is

varied in GMM (filled squares) at constant k and C, then both, c
and k, vary in GM in a negatively correlated manner (open

squares). When only k is varied in GMM (filled rhombs) at

constant C and c, then both, k and c, vary GM in a positively

correlated manner (open rombs). Variation of C at constant c
and k in GMM cannot be shown in this plot. The resulting PDFs

and CDFs of GMM are shown in Fig. 5. When they are fit with

GM, k and c both vary in a negatively correlated manner (open

circles)
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be provided to distinguish SMC from other types of

relationships between c and lnk.
In particular, negative correlations between c and k

will arise when fluctuations of experimental or demo-

graphic survival andmortality patterns are unrelated to

changes in the initial viability of organisms (captured

by the inverse of k) and/or in the rate of its decline

(captured by c). Because this effect is produced by the
statistical properties of fitting any noisy data with a

nonlinear multiparametric model (Johnson 2000), it

will be manifested irrespectively of the essential

relevance of a model to the phenomenon reflected by

the data.

However, even if data are not noisy at all, as it is in

Fig. 6, a cross-correlation between the parameters of a

nonlinear multiparametric model will still emerge if

the model is not quite relevant to data. This must be

true when GM is applied to data that are more

consistent with GMM or GLM. This must be even

more true when any GM-based model is applied to

survival/mortality patterns that are generated by

factors unrelated to aging, e.g. by a disease, and thus

are consistent with a positively skewed age-at death

distribution, such as the lognormal, which is the most

reasonable model for HER2/neu mice survival data.

Figure 7 shows that an apparent rigid SMC-like

relationship emerges when HER2/neu mice datasets,

which are essentially inconsistent with any GM-based

model (see above), are treated according to GM.

Notably, the resulting pattern is quite distinct from

patterns formed by the datasets that are relevant to

GM, such as the pattern featured by control 129/Sv

data. The dataset related to FVB/N, the strain from

which HER2/neu mice are derived, clusters with

129/Sv rather that HER2/neu data.

The most likely contributor to correlations between

lnk and c in 129/Sv mice must be, in this case, the

random deviations of the survival patterns featured by

small datasets from the basic pattern featured by the

parent population and captured by the respective

parametric model. Indeed, this correlation is also

evident when all control 129/Sv data points are

combined, mixed, and then randomized into three

subsamples, each fitted with GM. The resulting

estimates of c, which range from 0.0106 to 0.0114,

exactly fit the lnk versus c regression shown in Figs. 4
and 7.

Similar results have been obtained with outbred

female SHR mice; however, the resulting SMC is

clearly different from that of inbred 129/Sv mice

(Fig. 7).

The only our dataset related to another Swiss-

derived outbred strain mice, NMRI, which are notably

short living (Table 3), falls apart from both 129/Sv and

SHR trends.

Also shown in Fig. 7 are the results derived from

data on the survival of several murine strains bred at

Jackson Laboratories (available at http://www.jax.org/

research-and-faculty/research-labs/the-harrison-lab/

gerontology/available-data). Remarkably, two types of

datasets may be distinguished in the results: one

showing the same SMC trend as found in inbred 129/Sv

mice, and the other, the same as found in outbred SHR

mice.

Fig. 7 SM correlations in

different strains of mice.

Open circles: HER2/neu;

gray circles: 129/Sv; gray

triangle: FVB/N; black

circles: SHR; open squares:

strains bred at Jackson

Laboratories; gray square:

NMRI; open diamonds:

‘‘senescence accelerated-

prone’’ SAMP8; gray

diamond: ‘‘senescence

accelerated-resistant’’

SAMR; black diamond: the

only SAMP8 best fitted with

GM; open triangle:

SAMP10

123

Biogerontology (2018) 19:341–365 353

http://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/available-data
http://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/available-data
http://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/available-data


The datasets related to ‘‘senescence acceleration

prone’’ SAMP mice (see Table 4) cluster mostly with

HER2/neu rather than 129/Sv or SHR data. At the

same time, data on the SAMR (‘‘senescence acceler-

ation resistant’’) mice cluster with 129/Sv data.

Among the two deviate SAMP points, one (black

diamond) relates to the only SAMP8 dataset that

shows the best fit to GM, and the other (gray diamond)

relates to SAMP10 mice.

Taken together, the above casts doubt on the

adequacy of SAMP mice as a model of accelerated

senescence. It seems more likely that some dominant

pathology, such as amyloidosis (Brayton et al. 2012),

leads these mice to death at an age distributed

according to a lognormal pattern, which may be

approximated with a normal distribution featuring

much greater variance than that seen in the case of

HER2/neu mice. Because the lifespan of SAMP mice

is greater than that of HER2/neu mice, the patholog-

ical process that terminates the lives of the former can

spare more time for aging proper to be manifested.

This must result in mixed survival patterns where the

contributions of their main determinants vary because

of differences in handling procedures used in different

laboratories.

Another argument strengthening doubts concerning

SAMP mice is the ‘‘bizarre’’ pattern of their mortality,

which has been interpreted as showing a marked late-

life deceleration of their initially rapid age-associated

increase in mortality rate (de Magalhaes et al. 2005).

The hazard function of the lognormal model clearly

shows this type of behavior (see Table 1, line 4).

Being interpreted as reflecting the rate of aging, this

would suggest its deceleration in cases where there is

no sense in speaking of aging at all, as it is the case

with HER2/neu mice and is likely, according to the

present analysis, to be the case with SAMP mice.

Correlations between SM parameters

upon experimental modifications of murine

lifespan

Other concerns raised by the above analysis relate to

the interpretation of experimental changes in survival

patterns even if they are reasonably attributable to a

GM-based model. Given that an agenda is to ascertain

whether a decrease in aging rate is responsible for the

observed increase in the mean lifespan, it is important

to be sure that a decrease in c is not attributed to an

artifactual component of SMC.

The presumably non-artifactual component, which

is termed the compensation effect of mortality (CEM),

was initially thought of as a correlation between c and
k that may remain when changes in the age-indepen-

dent mortality, which is captured by C in GMM, are

accounted for in an analysis of survival and mortality

patterns (Gavrilov and Gavrilova 1991). Among the

possible contributors to CEM, there may be a real

physiological tradeoff between allocation of body

resources (i) to the ability to withstand the causes of

death and (ii) to mitigating the deterioration of this

ability, i.e., to reducing the rate of aging. These

physiological relationships must be manifested in a

population of organisms, in which such relationships

are at work, as changes in the demographic parameters

k (1/k reflects the initial viability) and c (reflects the

rate of aging). Hereinafter, CEM will be viewed as the

physiological contributor to SMC, and SMC as a

combination of CEM with all sorts of artifacts.

To get an insight into the consequences of CEM for

relationships between changes in the demographic

aging rate and initial mortality and the mean lifespan,

several series of GM PDFs (normalized lifespan

distributions) were constructed upon the condition

that the relationships between the physiological

determinants of the initial viability and the rate of

aging are such that lnk = –B – A 9 c, where the initial
B and A were chosen from ranges that correspond to

SMC shown in Figs. 4 and 7. The resulting CDFs and

PDFs are shown in Fig. 8.

The mean lifespans were calculated for each series

of PDFs produced by varying c within the range

corresponding to the real estimates of c for mice. This

was done at the initial values of A and B and at

somewhat decreased and increased values of either

A or B. The calculated mean lifespan values were

plotted against the input values of c (Fig. 9a) or

respective calculated values of k (Fig. 9b).

Figure 9 suggests that if in a population (cohort) its

survival pattern conforms to a GM-based model and

there is a real physiological tradeoff between the

viability of organisms and its age-associated decline,

which is expressed at the level of populations as a

negative linear correlation between c and lnk, then any
increase in the mean lifespanmust be associated with a

primary decrease in the initial mortality (k) and the

associated increase in the rate of aging (c). Although
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formally lifespan in such a population might be

increased by accelerating the rate of aging, this

contradicts common sense too overtly to be considered

as the primary cause of the observed increase in

longevity. In physiological terms, an acceleration of

aging may be associated with an increase in the mean

lifespan only if the acceleration is caused by the

relocation of body resources to withstanding the

causes of death away from mitigating body aging,

that is, the acceleration of aging is the by-result of

increasing the initial viability.

To make an idea about the contribution, if any, of a

real CEM to apparent changes in c and k found in an

experiment of demographic analysis, it is reasonable

to compare these changes with a SMC found in a series

of historical controls or control subgroups obtained by

randomizing a single control group. Such SMCwill be

entirely accounted for by the artifacts that must be

eliminated from the apparent relationships between c
and k that are observed upon an intervention into

lifespan. Illustrative cases are presented in Figs. 10

and 11.

Figure 10 shows that the mitochondria-specific

antioxidant SkQ1, which produces no significant

effect according to log-rank test applied to the original

Kaplan–Meier plots (Anisimov et al. 2011b), shifts the

Fig. 8 Changes in the survival curves (a) and lifespan

distributions (b), which conform to GM supplemented with a

CEM. With decreasing k, CDFs become increasingly ‘‘rectan-

gular’’. Note the similarity of this effect with the effect of SMC,

i.e., an apparent correlation between c and k, which emerges

when data that conform to GMM are treated according to GM

(Fig. 5)

Fig. 9 The plos of mean lifespan versus c(a) or (b) upon the condition that, because of the compensation effect of mortality, GM

parameters are correlated as shown in the box
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respective experimental point away from the control

point almost exactly along the SMC line.

The benzene polycarboxylic acid preparation BP-

C3 (Anisimov et al. 2016) increases lifespan appar-

ently by increasing k and decreasing c (Fig. 10). If

CEM were at work, this combination would be

impossible, as follows from Fig. 9. Indeed, since the

increase in k is less than should be expected based on

SMC, the drug probably produces both of the possible

beneficial effects: it decreases c and at the same time

decreases k to an extent not counterbalanced by its

artifactual increase. The net effect on survival is

significant according the log-rank test used in the

source publication. In Fig. 10, the significance of the

effects is manifested in that SMC line is outside of

95% confidence limits of the coordinates of the

experimental point.

The effect of BP-C3 is significant while being

smaller than the effect of metformin, whose signif-

icance is marginal if judged by the deviation of the

experimental point from the SMC line. Metformin

apparently decreases k and increases c in SHR mice.

Because the shift of the experimental point from the

control is close to SMC line, it is hard to define based

exclusively on statistics what really happens; there-

fore, the biological plausibility should be considered.

In the original publication, log-rank test applied to

survival data showed that differences between control

and experiment are statistically insignificant. In

Fig. 10, SMC line crosses the borders of 95%

confidence limits of the coordinates of the experimen-

tal point. At difference from BP-C3, which in mech-

anistic terms may supplement the antioxidant

defenses, metformin by its effect on cell signaling

pathways (Wu et al. 2017) is likely to shift the

allocation of body resources in favor of ongoing

viability versus protection from its deterioration

(aging), which is consistent with CEM. If it were

really so, the experimental point would be signifi-

cantly below the SMC line. However, the shift

occurred almost strictly along it. Therefore, metformin

is likely to decrease k, whereas the possible associated
increase in c is far less significant than it could appear
if no account for the artificial components of SMC

were taken. To conclude, there is no evidence that

CEM is at work in this case.

The effect of metformin on c and k according to

data obtained with female 129/Sv mice (Anisimov

et al. 2010b) is shown in Fig. 11. An apparent decrease

in k is associated with an increase in c. Both changes

shift the experimental point along the SMC line, which

is consistent with the lack of a significant effect on

survival according to the log-rank test applied to data

in the original publication.

Fig. 10 The effects of metformin (Anisimov et al. 2011a), the

antioxidant SkQ1 (Anisimov et al. 2011b), and the benzene

polycarboxylic acid preparation BP-C3 (Anisimov et al. 2016)

on aging rate c and initial mortality k in outbred female SHR

mice. Controls data are shown with open circles. Effects are

shown with arrows pointing at the respective 95% confidence

intervals (crosses) for resulting c and k. SMC (dashed line) is the

same as in Fig. 7. Numbers at the names of drugs indicate

percent changes in the mean lifespan, either reported (out of

brackets), or calculated based on GM PDF (within brackets),

and the numbers of control/experimental animals
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The effect of constant illumination observed in

129/Sv mice (Popovich et al. 2013) includes an

increase in c and a decrease in k (Fig. 11), the latter,

however, being significantly smaller than what may be

attributed to the artifactual component of SMC.

Therefore, constant illumination results in an actual

increase in k, which is not counterbalanced by

artifacts, and thus is likely to decrease lifespan by

Fig. 11 The effects of metformin (Anisimov et al. 2010b) and constant illumination (Popovich et al. 2013) on c and k in 129/Sv mice

with accounts of the same SM correlation (dashed line) as shown in Fig. 7. Captions are the same as in Fig. 10

Fig. 12 Changes in GM parameters derived from published

experiments where mTOR functions were attenuated (a) or

calorie restriction was used (b) to extend lifespan in female

mice. Thin lines show SMC obtained for 129/Sv and SHR mice

bred at the author’s laboratory. Dotted lines show SMC based on

datasets related to mice bred at Jackson Laboratories. Dashed

lines shows SMC derived from all control published survival

curves in a or from control survival curves published in

(Turturro et al. 1999) in b. Italics show determination

coefficients r2 for respective SMC regressions. Percent numbers

show increases in the median lifespan. Symbols in a: Circles—
mTOR gene mutation (Wu et al. 2013); open squares—

rapamycin administration (Miller et al. 2014); filled squares—

rapamycin administration (Fok et al. 2014); diamonds—

rapamycin and metformin administration (Strong et al. 2016);

arrows are directed from control to experimental points.

Symbols in b: Dashed arrows are directed from control to

experimental points derived from (Turturro et al. 1999), and

solid arrows relate to data derived from (Mitchell et al. 2016).

See the main text for additional comments
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increasing both, the initial mortality and the rate of

aging. The effect was estimated as significant based on

the log-rank test in the source publication, and it is

expressed as a significant deviation of the experimen-

tal point from the SMC line in Fig. 11. There is no

CEM at work in the present case, too.

The plots shown in Figs. 10 and 11 prompted us to

check whether the approach used to construct them is

applicable to published data on lifespan interventions

in mice. Figure 12 shows the estimates of c and k
extracted from published survival curves obtained in

experiments where lifespan in mice was increased by

mTOR gene mutation (Wu et al. 2013), lifelong

rapamycin administration alone (Fok et al. 2014;

Miller et al. 2014) or supplemented with metformin

(Strong et al. 2016), and calorie restriction (CR)

(Mitchell et al. 2016; Turturro et al. 1999). Because all

our data relate to female mice, published data on

female mice only were used. For any of the murine

strains used to construct Fig. 12, no data are available

about a SMC, which is constructed using data related

to several control samples studied under constant

conditions. However, because the two SMCs based on

data about mice bred at Jackson Laboratories closely

match the SMC based on our data about 128/Sv and

SHRmice, it is plausible that these SMCs may be used

to check against them the changes in c and k related to
other murine strains. Remarkably, SMC based on the

published datasets (dashed and dotted lines in Fig. 12)

are almost parallel with SMC related to 129/Sv and

SHR mice (thin pale lines).

All interventions used to attenuate the functions of

mTOR (Fig. 12a) apparently reduce k. Three of them
are associated with apparent increases in c. However,
since the increases do not exceed what might be

expected based on the lines that are parallel to SMC

and cross the control points, the actual effects are

decreases in c, which are significant enough to be not

obscured by SMC. Therefore, there is no CEM in

mTOR-attenuating experiments. Each time both, c and
k, actually decrease, contrarily to CEM.

If CEM were at work in experiments where CR

increased lifespan in mice, no increases in k would be

possible. In the cases of apparent decreases in k they

are associated with decreases in c (Fig. 12b), which

again is inconsistent with CEM. In the only case where

a decrease in k is associated with an increase in c, the
latter is smaller than the artificial component of SMC

would produce; therefore, c actually decreases in this

case. Altogether, this suggests that both, k and c,
decrease upon CR, contrarily to CEM.

Notably, the patterns of vectors in Fig. 12a and b

are different. The dominant trend in B is leftward,

whereas in A it is descending rightward, similar to the

effect of metformin administration (Figs. 10, 11).

Thus, the effects of CR in female mice are different

from the effects of drugs often labeled as CR

mimetics, as e.g. in (Calvert et al. 2016; Lee and

Min 2013). It follows from comparing the two panels

of Fig. 12 that increases in lifespan upon CR are

mainly caused by decelerated aging, whereas upon

mTOR attenuation, by decreased initial mortality. In

either case, no manifestations of CEM are evident.

General discussion

‘‘The term ‘effective thinking’ is used to refer to the

philosophy of placing emphasis on the interpretation

of overall effect size in terms of biological importance

rather than statistical significance’’ (Nakagawa et al.

2017). With regard to assessing the overall effect size

in terms of changes in the rate of aging in mice, the

first conclusion from our analysis is that it is important

each time to be sure that aging indeed contributes to

the observed pattern of survival. It clearly does not in

the case of HER2/neu mice, and its contribution is

dubious in the case of SAMP mice.

In control SHR and 129/Sv mice, the negative

correlations between the terms of the Gompertz model

(GM), which are interpretable as the demographic rate

of aging and the inverse of the mean initial vitality

(lnk = –Ac – B), appears to be an artifact. This

observation may seem merely a confirmation of a

common, although not generally recognized, catch in

the way of approximating any noisy data with any

nonlinear multi-parametric model (Johnson 2000).

The specific form of the artifact, which is known as the

Strehler-Mildvan correlation (SMC) emerges because

of the pre- and post-exponent positions of GM terms

(Tarkhov et al. 2017). Even if only an artifact, it is

important not to dismiss it when survival or mortality

data are used to discriminate changes in the initial

physiological viability (which in populations is

reflected in an inverse manner in the pre-exponent

term k of GM) and the rate of its age-associated

decline (which is captured by c). Indeed, it has been
suggested that SMC, irrespectively of its source,
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should be accounted for in making inferences about

aging in extinct human populations (Sasaki and Kondo

2016).

The significance of SMC could be limited to the

above technical matters if not for the fact that it had

been predicted based on physical considerations by B.

Strehler and A. Mildvan before it was sought for and

found by them in human mortality data (Strehler and

Mildvan 1960). That is, a theoretical prediction was

confirmed rather than a post hoc explanation was

suggested for a serendipitous observation, which

eventually turned out to be artifactual. In fact, the

initially reported SMC found by applying GM to

human data is almost fully attributable to ignoring

changes in the Makeham term C of GMM. However,

the persistence of reciprocity of changes in c and k
even if every effort is undertaken to minimize the

contribution of changes in C to human mortality

patterns, as e.g. in (Golubev 2009), justifies a more

elaborate discussion.

It is plausible biologically that when more of

limited resources is allocated to protection from death,

less is left to repair damage that can accumulate in the

means of protection. This tradeoff is generally

consistent with the disposable soma theory of aging

(Kirkwood 1977; Drenos and Kirkwood 2005),

although its main emphasis is on tradeoffs between

self-repair and self-reproduction rather than self-

protection. Further, the antagonistic pleiotropy theory

of the evolutionary origins of aging (Williams 1957)

implies that an improvement in the early fitness may

be supported by natural selection even if the improve-

ment is associated with a greater decline in the later

fitness, such as because of accelerated senescence

(Williams 1957; Rose 1985; Golubev et al. 2017b). It

is also plausible that senescence-causing damage may

be a byproduct of the execution of self-protecting

functions and thus may be potentiated by increasing

the power applied to self-protection. This conforms to

the rate-of-living theory [see (Hulbert et al. 2007)].

Therefore, as far as, in populations, the initial viability

is manifested in a reverse manner in the initial

mortality, and aging, in the age-dependent increase

in mortality, the respective demographic parameters

must be correlated. Thus, the three basic theories of

aging are generally consistent with SMC (Golubev

et al. 2017a, b).

On the other hand, it has been shown in (Burger and

Missov 2016; Tarkhov et al. 2017) and confirmed here

with murine survival data (see Figs. 6, 7 and their

discussion) that SMC can emerge as a byproduct of the

mathematical treatment of survival data. A challenge

therefore is to distinguish in SMC an artifact, which

may be unidirectional with a real phenomenon, from

the phenomenon as it is. The real phenomenon

comprises tradeoffs between the physiological param-

eters responsible for the capability of self-protection

and for protecting this capability from age-dependent

deterioration. The compensation effects of mortality

(CEM) may be thought of as showing how these

physiological tradeoffs are manifested in demographic

parameters. The first step in distinguishing of CEM

within SMC was the recognition (Gavrilov and

Gavrilova 1991; Golubev 2004) that, when survival

data in a population where the age-independent

(background, extrinsic) mortality (which is captured

by the term C of GMM) is significant and variable are

treated as if the data conform to the pure GM, (where

there is no C at all), the reciprocal changes in the

demographic parameters k and c thus found may be

mistaken for the manifestation of a real correlation

between the initial physiological viability and the rate

of its decline, i.e., the physiological aging, This

situation is illustrated here in Fig. 6.

Although the need to distinguish CEM in an

observed SMC is explicitly proclaimed by some

authors (Golubev 2009; Strulik and Vollmer 2013),

the lack of consensus on this issue seems to be

responsible for much of current confusion around

relationships between changes in GM and GMM

parameters.

There is also no consensus concerning an even

more fundamental issue: whether GM and/or GMM is

a manifestation of some natural laws behind it, or it is

merely a tool adopted by convention for treating

survival and mortality data. The latter attitude persists

through decades as it is evident from the two claims:

‘‘… the lack of simple and efficient procedure to

comparing different mortality model forced the use of

the Gompertz model… which may not apply to the

majority of experimental systems’’ (Pletcher 1999)

and ‘‘We based our simulations on the Gompertz

equation because of its extensive use in the past and

because it models death times reasonably well across

many species. …Insofar as the Gompertz equation is

not based on a mathematical formulation of how aging

works, its parameters … do not necessarily describe
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any biological or molecular entity’’ (Petrascheck and

Miller 2017).

Our numerical experiments were motivated by the

belief that GMM is based on a mathematical formu-

lation of how aging works in parent populations

represented by experimental samples. It has been

argued that the constant term of GMM is not just an

additional parameter needed for nothing more than

improving model fits to data, but an integral part of a

generalized Gompertz-Makeham law (GGML) (Gol-

ubev 2009), which is not limited by the assumption

that the age-dependent physiological decline is linear

(that is, aging rate is constant). GGML is not a

consequence of what is defined in (Hamilton 1966) as

‘‘molding of senescence by natural selection’’, but

rather a manifestation of fundamental constraints

imposed on natural selection by the physicochemical

properties of the material to be ‘‘molded’’ (Golubev

2009; Golubev et al. 2017a,b). The canonical GM is

but an idealized approximation of GGML. Therefore,

the real survival and mortality patterns just never can

fully conform to GM, GMM, LGM or any combina-

tion thereof, and this unavoidably will make the

estimates of their parameters correlated, irrespective

of the noisiness of data and the accuracy of accounting

for any biases introduced by mathematical treatment

(sampling, binning etc.). This situation is exemplified

here in Fig. 6. Another example of the same may be

found in the results of extraction of GMM parameters

from data on human mortality (Golubev 2012): subtle

details in the trends of changes in c and lnkmirror each

other too accurately to be real. These apparent closely

correlated local minimums in lnk versus time plots and

simultaneous local maximums in c versus time plots

were suggested to result from changes in the condi-

tions of human living, which alter the properties of

successive overlapping generations. Indeed, survival

and mortality patterns strictly conforming to GMM

may be observed in period data only if the properties of

all generations that comprise a population under study

are identical, and in a longitudinal study, only if

conditions over the whole observation period are

constant. The question remains, however, whether

during the last century there was (and still is now) a

general trend of increasing initial human vitality

associated with increasing human aging rate, or, on the

contrary, there was a decrease in the rate of human

aging.

The issues therefore are not only how much SMC is

an artifact and whether CEM may contribute to SMC,

but also what are the conditions for physiology behind

CEM to work.

Under the conditions of speciation by natural

selection, both c and k may decrease in parallel,

otherwise no long-lived species could have evolved.

For example, in a series of less to more advanced

primates—from baboons through apes to humans—

both k and c decrease in a manner consistent with a

linear positive correlation (Bronikowski et al. 2011)

where there is nothing of CEM. Upon experimental

evolution of aging and longevity in D. melanogaster

and C. elegans, increases in longevity brought about

by decreases in the rate of aging are found associated

with compromised performance not always but often

enough (Briga and Verhulst 2015; Wit et al. 2013;

Zwaan et al. 1995) to disregard not this manifestation

of CEM. Therefore, a closer reexamination of these

results, including making estimates of GM parameters

with account for possible artifactual component of

SMC is warranted. The observations that under

stressful conditions long-lived mutants are uncompet-

itive versus their wild-type counterparts (Briga and

Verhulst 2015) generally conform to CEM. Compar-

ing different strains of laboratory mice, many of which

result from unintentional experimental evolution

based on selection for high and early-onset fertility,

does reveal SMC (e.g., Figs. 7, 12); however, it is still

not clear does a true CEM contribute to it.

Of special interest in this regard are changes in GM

parameters upon direct experimental interventions in

the lifespans of mammals, which are the most relevant

to developing approaches applicable to humans and, at

the same time, are the most vulnerable to all sorts of

artifacts associated with relatively small experimental

samples and magnitudes of effects (Eakin et al. 1995,

Bokov et al. 2017; Petrascheck and Miller 2017).

Figures 10, 11, and 12 are instructive in this regard by

showing that the apparent reciprocity of changes in

GM parameters may be reduced to none and that the

apparent changes in lifespan may be associated with

unidirectional changes in GM parameters, provided

the artifactual component of SMC is taken into

account. The lack of due attention to this aspect of

data analysis in experimental aging research is a likely

source of current controversies around the contribu-

tion of changes in the rate of aging to changes in

lifespan.
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As concerns the still unsettled disputes, e.g., around

the effects of calorie restriction in mice, inferences

from Fig. 12b corroborate the conclusion that the main

effect of CR in female mice is to slow down aging

(Simons et al. 2013), contrary to the claim that both c
and k are reduced by CR (Nakagawa et al. 2012). In

this regard, CR differs from mTOR attenuation, which

in female mice decreases k, as may be inferred from

Fig. 12a. However, this decrease is not associated with

increasing c, that is, there is no CEM, contrary to the

conclusion expressed in (Shen et al. 2017) in terms of

SMC without differentiating its artifactual and sub-

stantive components. On the whole, our analysis is

consistent with the conclusion about differences

between mTOR attenuation and CR in mice, which

was drawn in (Garratt et al. 2016) based on a meta-

analysis of published experiments. This does not rule

out the possibility that it may be otherwise in male

mice, not to mention fruit flies and nematodes.

Checking all relevant findings against respective

artificial components of SMC is beyond the scope of

the present study, which is limited to female mice.

Our final comments are on the relevance of

distinguishing CEM within SMC to human survival

patterns. The prolongation of healthy human lifespan,

which is the ultimate objective for gerontology, is

conventionally described in terms of ‘‘rectangular-

ized’’ survival curves or ‘‘compressed mortality’’

patterns (Cheung and Robine 2007; Wilmoth and

Horiuchi 1999). In terms of GMM, ‘‘rectangulariza-

tion’’ may be achieved by a decrease in the age-

independent (background) mortality and/or by an

increase in the initial physiological vitality (which is

manifested as a decrease in the initial demographic

mortality), but only in association with an increase in

the rate of physiological aging (which is manifested as

an accelerated increase in the age dependent mortal-

ity). The latter option is nothing else but CEM

(compare Figs. 5, 8). The two options are not easily

distinguishable based on demographic data. C clearly

was decreasing in human populations over the last

100 years when unprecedented increases in human life

expectancy took place (Golubev 2012). It is far less

clear whether there was an increase in the initial

human robustness, which in human populations is

reflected in decreasing k, and whether this occurred at

the expense of increasing c. A smaller k is obviously a
desirable outcome of interventions intended to

improve human conditions through the whole lifespan

and thus to increase it in a way, which is consistent

with the rectangularization of survival curves, that is

with CEM. At the same time, a smaller c will make a

survival curve less ‘‘rectangular’’ and mortality less

‘‘compressed’’.

Altogether, this makes it doubtful whether aging is

what should be targeted in order to increase human

health and life spans. The term ‘‘anti-aging’’ thus

appears essentially misleading (even if commercially

attractive) with regard to translating advances in

experimental gerontology into practice. However,

the rate of aging does appear to decrease when the

artifactual components of SMC are accounted for,

even in experiments where aging seems to be accel-

erated if the components are not taken into account

(Figs. 10, 11, and 12).

Therefore, to ascertain what really happens upon

experimental interventions in lifespan, it is reasonable

to check apparent changes in GM parameters against a

predefined SMC based on a series of historical

controls, or on randomizing a sufficiently big control

group into several subgroups.

In a recent paper (Petrascheck and Miller 2017),

quantitative relationships between the numbers of

animals in experimental groups and the ability to

detect real changes in longevity have been established

based on GM (which however was treated as merely a

handy tool). For example, a real increase within 16%

can be detected in not more than a half of experiments

using 100 animals in each of two groups, control and

experimental. To improve ‘‘the power of detection’’ of

real effects, the sizes of experimental groups must be

increased.

With more than 100 control animals, it is possible to

randomize them into four or more reasonably large

subgroups and construct the respective artifactual

component of Strehler-Mildvan correlation for check-

ing against it whether actual changes in the rate of

aging or the initial vitality are responsible for the

observed changes in the mean lifespan, and whether a

correlation, if any, between the two contributors to

changes in lifespan is consistent with the compensa-

tion effect of mortality.
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