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Background - The most frequently used model to describe the exponen-
tial increase in mortality rate with age is the Gompertz model. Logarith-
mically transformed, the model conforms to a straight curve, of which the
slope is classically interpreted as a population’s senescence rate. Earlier,
it has been proposed that the derivative function of the Gompertz model
is a superior measure of the senescence rate.

Methods - We tested both measures of the senescence rate in a popula-
tion of patients with end-stage renal disease derived from the ERA-EDTA
Registry. It is clinical dogma that patients on dialysis experience accel-
erated senescence, whereas those with a functional kidney transplant
have mortality rates comparable to the general population. We calculated
the age-specific mortality rates for European patients on dialysis (n =
274 221; follow-up = 594 767 person-years), for European patients with
a functioning kidney transplant (n = 61 286; follow-up = 345 024 per-
son-years), and for the general European population.

Results - We found a higher mortality rate, but a less steep slope of the
logarithmic mortality curve in patients on dialysis compared with both
patients with a functioning kidney transplant and the general population
(p < 0.001). A classical interpretation of the Gompertz model would imply
that the senescence rate in patients on dialysis is lower than in patients
with a functioning transplant and lower than in the general population.
In contrast, the derivative function of the Gompertz model yielded the
highest senescence rate for patients on dialysis, whereas the senescence
rate was similar in patients with a functioning transplant and the general
population.

Conclusion « We conclude that a population’s senescence rate is better
measured by the derivative function of the Gompertz model than by the
slope of the logarithmically transformed Gompertz model.

In 1825, Benjamin Gompertz observed that
human mortality rates increase exponen-
tially with age.' Since then, no other defi-
nition of senescence has gained so much
common acceptance.? Mathematically, the
model is known as the Gompertz model
and has become the most frequently used
model of senescence.®* The model de-
scribes the mortality rate at a given age
with parameters a and y. When trans-
formed logarithmically, the model con-

forms to a straight curve. The slope of this
straight curve represents the increase in
mortality rate on a logarithmic scale and is
determined by parameter vy.

The Gompertz model fits mortality data
very firmly, but it is purely empirical. Still,
many investigators have tried to attrib-
ute biological properties to the estimat-
ed parameters. Based on mortality data
from animal experiments5® and historical
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changes in human mortality patterns,™
the slope of the logarithmically trans-
formed mortality curve has -classically
been defined as the species-specific se-
nescence rate.>'> However, based on theo-
retical considerations, the validity of this
slope as a measure of the senescence rate
has been criticised.’*'s We have previously
proposed to use the increase in mortality
rate on an absolute scale instead, as de-
scribed by the derivative function of the
Gompertz model.*

This work aims to empirically test both the
classical and the newly proposed measure
of the senescence rate in patients with end-
stage renal disease. For this, we have cal-
culated the age-specific mortality rates of a
very large population of European patients
with end-stage renal disease, compris-
ing both patients on dialysis and patients
with a functioning kidney transplant, us-
ing the general European population as a
reference. It has been widely recognised
that patients on dialysis show accelerated
senescence as compared with the general
population.”72° Patients on dialysis have
higher mortality rates.>*3 Moreover, they
suffer from age-related diseases with a
higher frequency and more rapid progres-
sion, among which cardiovascular diseas-
es,2226 the metabolic syndrome and insulin
resistance,?”*® cognitive impairment and
dementia,?® metabolic bone disease,3® and
dysfunction of the immune system.3\32
Many of these patients are classified as
frail.»3-35 Biologically, this clinically ac-
celerated senescence is attributed to dis-
turbed levels of metabolites and signalling
molecules, such as urea, advanced glyco-
sylation end products, homocysteine, and
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endothelin.’819:3639  After transplantation,
the age-related diseases in these patients
improve and the age pattern of mortality of
these patients converts toward the pattern
of the general population.2s4>4 Therefore,
these populations provide an excellent op-
portunity to assess different measures of
the senescence rate, as a valid measure of
senescence rate should reflect these dif-
ferences in senescence rates by attributing
the highest senescence rate to patients on
dialysis and a lower senescence rate to pa-
tients with a functioning kidney transplant
and the general population.

Methods

Study population

The study population of patients with end-
stage renal disease was derived from the
Registry of the European Renal Associa-
tion—European Dialysis and Transplant
Association (ERA-EDTA Registry),4* which
records European patients who receive re-
nal replacement therapy, either dialysis or
kidney transplantation. Via national and
regional registries, individual patient data
were derived from Austria, the Flemish
speaking region of Belgium, the French
speaking region of Belgium, Denmark,
Finland, Greece, Iceland, the Netherlands,
Norway, Romania, Sweden, the United
Kingdom, and from several regions in Ita-
ly and Spain. Data were gathered during a
period beginning between 1985 and 2007,
and ending at 1 January 2008 for four
regions in Spain and Italy, and 1 January
2009 for the other regions and countries.
For each individual patient, the following
parameters were collected at baseline:
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country or region of origin, date of birth,
gender, primary cause of renal failure, and
date and modality of first renal replace-
ment therapy. Data on history of renal re-
placement therapy with dates and changes
of modality and date were collected during
follow-up. Primary renal diseases were
classified according to the ERA-EDTA
Registry’s coding system.4?

Mortality rates were calculated based on
the follow-up data contributed by each in-
dividual patient, separated for follow-up
on dialysis treatment and follow-up with
a functioning kidney transplant. In case
of the dialysis group, follow-up began six
months after initiation of dialysis treat-
ment, to account for acute treatment-re-
lated mortality,3 and lasted until death,
transplantation, recovery of renal func-
tion, loss to follow-up, or censoring at
1 January 2008 or 2009. In case of the
patients with a functioning transplant,
follow-up began six months after trans-
plantation, to account for acute surgery-re-
lated mortality,+>44 and lasted until death,
transfer to dialysis due to transplant fail-
ure, loss to follow-up, or censoring at 1
January 2008 or 2009. For both treatment
groups, per 5-year age group, the number
of deaths was divided by the years of fol-
low-up, yielding the age-specific mortality
rates.

Reference population

Mortality data of the general European
population were available through the
Human Mortality Database (HMD)4 and
Eurostat.® For the countries in our study,
the population and death figures were

retrieved from the HMD for each 5-year
age category and for the years of data
contribution. For Greece, Romania, and
Spain, these mortality data were down-
loaded from Eurostat, as they were not
available in the HMD. For the calculation
of age-specific mortality rates of the gen-
eral European population, per 5-year age
groups and years of participation, the sum
of all deaths was divided by the sum of all
inhabitants of the participating countries.

Analyses

The application of the Gompertz model
is limited to mortality data between the
ages of approximately 20 and 80 to 90
years.4 Moreover, after the age of 85 years,
available mortality data were scarce. Fol-
low-up after this age comprised 15638
person-years (2.52%) and 8360 deaths
(5.83%) for the patients on dialysis and
175 person-years (0.05%) and 25 deaths
(0.26%) for the patients with a functioning
kidney transplant. Therefore, data on pa-
tients below the age of 20 years and from
the age of 85 years onward were excluded
from this study.

The Gompertz curves were characterised
by estimating the values of the parameters
of the Gompertz model on the age-specif-
ic mortality data as well as the statistical
significance of the differences in the model
parameters between the treatment groups.
The parameters a and y are mathemati-
cally described by the Gompertz model as
m(t) = a e', where m(t) is the mortality
rate and t is the age in years. The calcu-
lations were performed by fitting the par-
ametric proportional hazards Gompertz
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model% on the individual patient data and
by linear regression on the aggregated data
of the general European population.

The classical senescence rates were given
by vy, of which the values were derived by
the aforementioned determination of the
model parameters. In addition, according
to the newly proposed method that we have
described earlier,* the derivative function
of the Gompertz model was applied to the
mortality rates to estimate the senescence
rates. For that, the values of the model pa-
rameters, determined as described above,
were incorporated in the model’s deriva-
tive function: m’(t) = a y ev'.

The management of the ERA-EDTA Reg-
istry database, the calculations of the
age-group-specific mortality rates of the
study population, and the linear regression
analyses were carried out using PASW Sta-
tistics 17.0 (SPSS, Chicago, IL, USA). Line-
ar regression was performed by the linear
mixed model with the natural logarithms
of the mortality rates as dependent var-
iable, treatment group as factor, and age
as covariate. All these calculations were
repeated using Stata/SE 10.1 (StataCorp,
College Station, TX, USA). The fitting of
the Gompertz model was performed using
Stata/SE 10.1.

Table 3.1 « General characteristics of the study population of patients with end-

stage renal disease

All patients Patients on Patients with
dialysis a functioning
kidney
transplant
By number of patients
Total number of patients 290 510 274 221 61 286
Men, % 61.1 61.2 62.7

Age, median (iqr) years
at first treatment
at death

Follow-up per patient,
median (iqr) years

By years of follow-up

Total years of follow-up,
person-years (%)
Men, %

64.6 (52.0-73.3)
71.0 (62.7-77.1)

1.8 (0.3-4.7)

942 458
60.4

65.0 (52.7-73.5)
71.1 (62.8-77.1)

1.3 (0.2-3.1)

594 767 (63.1)
59.3

49.2 (38.3-58.6)
60.5 (51.5-68.2)

4.5 (1.4-8.7)

345 024 (36.6)
62.2

As patients could successively undergo dialysis treatment and kidney transplantation, pa-

tients can be represented in both the patient group on dialysis and the patient group with

a functioning transplant. Igr: interquartile range.
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Results

Table 3.1 shows the basic characteristics
of the study population, both presented
as the total number of patients and by the
number of years of follow-up. As starting
dialysis treatment or receiving kidney
transplantation occurred more than once
in some patients, part of the population (n
= 58 387 or 20.1%) contributed follow-up
to both treatment modalities. The number
of these consecutive treatment modalities
ranged between 1 and 11 per patient.

Figure 3.1A shows the mortality rates per
5-year age groups for patients on dialy-
sis, for patients with a functioning kidney
transplant, and for the general population.
In all groups, mortality rates increased
exponentially with age from adolescence
onward. For each age group, the mortality
rate of the dialysis patients was the high-
est, whereas the mortality rate of patients
with a functioning transplant was higher
than that of the general population. After
transformation of the mortality rates to a
logarithmic scale, the mortality rates of all
three groups conformed to straight curves
from the age of 20 years and onward (Fig-
ure 3.1B). The r* values of these straight
curves, indicating the fit of the Gompertz
model, were 0.998 for patients on dial-
ysis, 0.992 for patients with a function-
ing transplant, and 0.986 for the general
population. Again, for each age group, the
mortality rate of the patients on dialysis
was the highest, the mortality rate of the
group with a functioning transplant was
intermediate, and the mortality rate of the
general population was the lowest.

On dialysis

With a functioning
transplant

General
population

0.4+

0.3

Mortality rate
(deaths per person-year)

B 1004

. T T T
0 40 60 80
N %

10'2_

Mortality rate
(deaths per person-year)

1073+

20 40 60 80

Age (years)

Age 20-39 40-59 60-79 80-84
—— 54801 170 078 330 071 45107
—o— 85643 173004 96 474 1133

Figure 3.1 « Age patterns of mortality
rates of patients on dialysis, patients
with a functioning kidney transplant,
and the general population on a linear
scale (A) and a logarithmic scale (B).
Logarithmic transformation of the mortali-
ty rates yields straight curves, of which the
slopes have classically been interpreted as
senescence rates. For the mortality rates
of the patients on dialysis and with a func-
tioning transplant, the estimates are given
with 95% confidence intervals. The fol-
low-up in person-years for each treatment
modality is shown in a table.
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Table 3.2 ¢ Quantitative description of the Gompertz model’s parameters

Patients on dialysis Patients with a functioning General
kidney transplant population
Ina -4.75 (-4.71 to -4.79) -7.71 (-7.58 to -7.83) 9.55
a x 102 0.86 (0.83 to 0.90) 0.04 (0.04 to 0.05) 0.01
y x 102 4.29 (4.23 to 4.35) 6.70 (6.49 to 6.90) 8.50
MRDT 16.17 (15.95 to 16.40) 10.35 (10.05 to 10.68) 8.16

Estimated values of the Gompertz model’s parameters for the mortality rates of patients

on dialysis, patients with a functioning kidney transplant, and the general population.

The mortality rate doubling times (MRDT) are derived from y as MRDT = In 2 /y and are

given in years.*® The values of a were derived from those of In a. The estimates are given

with 95% confidence intervals. All estimates of the parameters were significantly different

among the three groups and from zero (p < 0.001).

The quantitative description of the age
patterns of the mortality rates by the Gom-
pertz model’s parameters is presented in
Table 3.2. The intercept or basal mortality
rate a was highest in patients on dialysis,
intermediate in patients with a function-
ing kidney transplant, and lowest in the
general population (p < 0.001). The slope
y of the straight curves was lowest in the
patients on dialysis, intermediate in the
patients with a functioning transplant,
and highest in the general population (p <
0.001). The corresponding mortality rate
doubling time was highest in the dialysis
patients, intermediate in the patients with
a functioning transplant, and lowest in the
general population.

We performed various additional analy-
ses. Stratification of the mortality rates of
patients on renal replacement therapy by
gender, primary renal disease, and coun-
try of origin yielded similar results. Strat-
ification by calendar year, for which the
data were divided into two periods from
1985 through 1996, and from 1997 through
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2008, yielded similar results. Inclusion of
only the first treatment period on dialysis
or with a functioning transplant, did not
affect the outcome. Furthermore, adjust-
ment for duration of follow-up for different
treatment modalities did not substantially
influence the results (data not shown).

Next, we estimated the increase in the
mortality rates on an absolute scale as de-
scribed by the derivative function of the
Gompertz model to determine the senes-
cence rates for the various groups. The de-
rivative function yielded estimates for the
age-specific senescence rates as depicted
in Figure 3.2. At every age, the senescence
rate was highest in patients on dialysis as
compared with the patients with a func-
tioning kidney transplant and the general
population. Contrary to a fixed senescence
rate as determined by the Gompertz mod-
el’s parameter vy, these senescence rates
increased with age. This increase was
greatest in patients on dialysis. Senescence
rates estimated by the derivative function
of the Gompertz model became similar to
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those of the general population when the
patients with end-stage renal disease had
a functioning kidney transplant. These es-
timates do not preclude that age-specific
mortality rates are higher in patients with
a functioning transplant than in the gener-
al population for every age category.

Discussion

In this work, based on the commonly used
Gompertz model, we have tested two meas-
ures of a population’s senescence rate us-
ing a population of patients with end-stage
renal disease as a model of accelerated se-
nescence. The Gompertz model describes
the mortality rate m(t) at a given age t with
parameters a and y as:

(3.1

The parameter a determines the mortal-

m(t) = aevt

ity rate at the intercept, also referred to
as the basal mortality rate, and is usually
set at adolescence. The parameter y de-
termines the rate at which the mortality
rate increases with age.+4® On a logarith-

Figure 3.2 < Age patterns of
senescence rates of patients on
dialysis, patients with a func-
tioning kidney transplant, and
the general population. It is em-
phasised that, in contrast to the
mortality rates in Figure 3.1, these
curves depict senescence rates.
According to the newly proposed
method, the senescence rates were
calculated using the derivative func-

Senescence rate
(deaths per person-year per year)

tion of the Gompertz model. Values
of the Gompertz model’s parame-
ters, as presented in Table 3.2, were
incorporated into this function.

mic scale, the mortality rates conform to a
straight curve, which is described as:

Inm@®=Ina+vyt (3.2)

On the logarithmic scale, variation in a
results in a parallel shift of the straight
curve, whereas variation in y results in a
different slope. The slope of the curve has
classically been regarded as an estimate of
the senescence rate.>'> As an alternative
estimate of the senescence rate, we have
proposed to use the derivative function of
the Gompertz model,*® described as:

m@® =ay e (3-3)

Using the mortality data of a unique and
unprecedented large population of patients
with end-stage renal disease, both the
classical measure of the senescence rate,
based on the slope of the straight curve
determined by vy, and the newly proposed
measure of the senescence rate, estimated
by the derivative function of the Gompertz
model, were obtained. We showed that the
mortality rates were highest and the slope
of the straight curve was lowest in patients

—e— On dialysis
0.0129 5 with a functioning
transplant
—— General
population
0.008
0.004
0.000 T ' '
20 40 60 80

Age (years)
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on dialysis. In patients with a functioning
transplant, the mortality rates and the
slope were intermediate. In the general
population, the mortality rates were low-
est, but the slope was highest compared
with both patient groups. The classical
interpretation of the parameters of the
Gompertz model should lead to the conclu-
sion that the senescence rate in patients on
dialysis is lower than the senescence rates
in patients with a functioning transplant
and the general population. Moreover,
successful kidney transplantation lowered
the mortality rates, but would increase the
senescence rate. This interpretation of the
parameter estimates is in sharp contrast
with the clinical notion that patients on
dialysis experience an accelerated senes-
cence, whereas after transplantation, their
age pattern of the mortality rates shifts to-
ward the pattern of the general population.

We have presented the derivative function
of the Gompertz model as an alternative
measure of the senescence rate. This meas-
ure yielded senescence rates that were
highest in patients on dialysis compared
with patients with a functioning transplant
and the general population. The senes-
cence rates in the patients with a function-
ing transplant and the general population
were similar, although the mortality rates
were higher in patients with a functional
transplant than in the general population
for every age category. Only at the highest
ages, the senescence rate of patients with a
functioning transplant slightly lagged be-
hind that of the general population, prob-
ably due to preferential selection of healthy
patients for transplantation. In contrast to
the classical interpretation of parameter y
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as a measure of the senescence rate, this
result is consistent with the higher senes-
cence rates observed in patients on dialy-
sis compared with the general population
and with the presumed return to normal
mortality patterns after successful kidney
transplantation.

From literature, it is well known that a and
y are inversely related.’>+ Mathematical
calculations show that this relationship be-
tween both parameters is necessary, called
the Strehler-Mildvan correlation.?® This
correlation is in conflict with the classical
interpretation of the Gompertz model. Ac-
cepting y to represent the senescence rate
and a to represent non-senescent mortal-
ity, both parameters should not be inter-
dependent. This paradox is solved when
using the derivative function as a measure
for senescence rate: it relates both param-
eters to the senescence rate (Equation 3).

The interpretation of the Gompertz model
has been subject to scrutiny of other schol-
ars.>5v52 The critical difference between
their analyses and ours is the logarithmic
transformation. Until now, measures for
the senescence rate have been relative,
which is an immediate consequence of any
logarithmic transformation. In contrast,
the approach we have applied here is based
on the non-transformed mortality rates,
rendering a measure for the absolute se-
nescence rate, as we have proposed in our
earlier paper.'

It has to be noted that a distinction must be
made between the clinical senescence rate
on individual level and the demographic
senescence rate on the population level.
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The Gompertz model, based on aggregat-
ed mortality data, is used to estimate the
senescence rate on the population level.
Whether classical or novel, its interpreta-
tion provides the demographic senescence
rate. Unlike implied by some studies, the
individual senescence rate cannot be di-
rectly inferred from the demographically
determined senescence rate.5:53

While Benjamin Gompertz was the first to
introduce a mortality model, many alter-
native models have since been proposed
that fit human mortality rates even bet-
ter.3545¢ The quest here is not to arrive at
the best statistical fit of the data, but to
obtain parameters that can be estimated
empirically and represent biological phe-
nomena. The approach that is presented to
estimate the senescence rate using the de-
rivative function of the Gompertz model is
such an attempt. This model is applicable
to any model that fits mortality patterns.
It is solely based on the definition of senes-
cence as an increase in mortality rate with
age and is independent of any biological
interpretation of the model from which
it is derived, as long as the model fits the
mortality data. Other models may even be
preferred over the Gompertz model, as the
Gompertz model is limited to fit mortality
data between adolescence and the age of
80 to 90 years.4+ Similarly, the approach
presented here is applicable to the deter-
mination of senescence rates of non-hu-
man species, among which often used
experimental animal models in which the
effects of environmental factors and geno-
type could be assessed. It would, therefore,
be worthwhile to test empirically the valid-
ity of this interpretation of the derivative

function for alternative models and alter-
native species as well.

In conclusion, this study shows that empir-
ical testing of parameter y of the Gompertz
curve as a measure of a population’s senes-
cence rate failed to identify the high senes-
cence rate in patients with end-stage renal
disease on dialysis and did not identify the
improvement when these patients under-
went kidney transplantation. In contrast,
the recently proposed alternative meas-
ure of the senescence rate, determined by
the derivative function of the Gompertz
model, estimated the highest senescence
rates for dialysis patients, and recognised
the improved prognosis of patients with a
functioning kidney transplant. Thus, we
propose to use the derivative function of
the Gompertz model to estimate the senes-

cence rate.
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