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A 2-d classification of diseases based on age-specific death rates

Peter Richmond1 and Bertrand M. Roehner2

Abstract Age specific mortality curves exhibit an agetc (about 10 years) which
plays a crucial role in that the mortality curve decreases hyperbolically in the age
interval A beforetc and increases exponentially in the interval B followingtc. For
those familiar with reliability theory, region A is called the “burn in” phase and B is
the “wear out” phase. Using the exponents of the hyperbolic and exponential phases,
we introduce a new 2 dimensional map of diseases. This permits the classification of
diseases into three broad classes: AS1, AS2 and S. Class AS1 includes all diseases
arising from congenital malformations which dominate infant and child mortality;
class AS2 includes degenerative diseases such as dementia and Altzheimer’s which
dominate old age mortality. In class S, which includes most infectious and metabolic
diseases, the exponents from both aging phases contribute to positions on the map.
Cancer is one of these mixed cases but is closer to class AS2 than AS1. A second
line classification is needed to resolve S cases and to this end we introduce a 3rd
dimension, namely (calendar) time. Using historical data we show that in their re-
sponse to treatment (particularly vaccination), S diseases fall into three sub-classes.
(i) Class E diseases (e.g. measles or meningococcal disease) which have been almost
eliminated at all ages (ii) class C diseases (e.g. tuberculosis) which can be cured but
whose cure becomes less effective at old age. (iii) Class U diseases for which radical
cures are still unknown. Regarding the future, the fact thatthe wear-out process of
numerous diseases already starts around the age of 25 means that a major extension
of the human lifespan beyond 120 certainly also requires to uncover the secret of
the “elixir of eternal youth” which has driven timeless human efforts and still seems
unlikely in the foreseeable future.
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Introduction
In the last months of 2016 the question of whether there is a limit to human lifespan
has been hotly debated in several physics publications1. Here, we examine it in the
light of a new classification of diseases.

The medical classification of diseases (also called semiology) is based on clinical
symptoms. The classification proposed here is based on completely different data,
namely on variables which describe the structure of death rates as a function of age.
It will be called a “ systems science classification” (for brevity SSC). The term “sys-
tems science” refers to the fact that this classification originates from the field of
reliability analysis of technical devices.

Link with reliability analysis

For technical devices the successive phases correspond to the well-known stages of
the so-called “bathtub” curve.

(1) Decreasing failure rate: infant stage (also called “burn-in” stage) during which
defective items fail and are eliminated.

(2) Constant failure rate: normal service stage characterized by a small number of
random failures.

(3) Increasing failure rate: “wear-out” stage during whichfailures become more
and more frequent.

Fig. 1a and 1b suggest that human life comprises similar stages with however the
qualification that the constant failure phase covers only a short interval from about 8
to 12 years. For that reason it will be omitted in the subsequent discussion.

The burn-in and wear-out phases are characterized by two symmetrical processes:
elimination of defects in the burn-in phase and accumulation of defects in the wear-
out phase.

Redefinition of infant mortality

In medical statistics the expression “infant mortality” refers to the first year after
birth and during this first year infant death rates (e.g. early, late and post neonatal)
are defined with respect to live births and not with respect tothe living population at
the beginning of the respective time intervals. The 0-1 yeardefinition has its origin
in the recording process of postnatal mortality data. However, it is not a logical
definition in the sense that the one-year age interval has no real biological basis. A
more objective definition of “infant mortality” is suggested by reliability analysis.
For technical devices, infant mortality refers to the entire age interval during which
the mortality rate decreases. For humans this corresponds to the period 0-10 years.

1Richmond et al. 2016b (27 September), Dong et al. 2016 (13 October), Buchanan 2016 (1 November).
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Fig. 1a Death rate from all causes, USA 1999-2014.The x axis represents age from 1 day after birth to
90 years. For 1 day to 10 years the death rate is defined as the standard infant death rate, i.e.µb(t) =

|[1/s(0)](ds/dt)| wheret is the age,s(t) the number of survivors ands(0) the number of live births. From
10 years to 90 years the death rate is defined as the standard adult death rate (also called force of mortality
or hazard rate) i.e.µ(t) = |(1/s)(ds/dt)|. They-scales are logarithmic.Source: CDC “Wonder” database
1999-2014 (http://wonder.cdc.gov/ucd-icd10.html). Alldata are average annual death rates over the 16-year
long interval 1999-2014.
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Fig. 1b Death rate from all causes, USA 1999-2014.The only difference with Fig. 1a is that from 1 day
to 10 years thex scale is logarithmic. The two straight lines mean that for (0,10) the death rate is hyperbolic
of the formµb ∼ 1/tγ , γ = 0.99 whereas for (10,90) it is exponential in accordance with Gompertz’s law
µ ∼ eαt, α = 0.079. It can be noted that due to the huge range of variation of the death rate, using linear scales
would produce a completely useless graph in the sense that for (0, 10) it would be a vertical line whereas for
adult deaths it would be a line superimposed on thex axis. Thus, they log-scale is not just an option, it is a
necessity.Source: Same as in Fig. 1a.
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It is this definition of infant mortality which will be used throughout this paper.

What is the purpose of the systems science classification?

Let us say right away that the medical classifications and theSSC have very different
objectives.
• The aim of any medical classification is to allow identification of the disease

for the purpose of prescribing an appropriate cure. For thatreason, the classification
must be as detailed as possible. For instance, it is important to distinguish between
small cell lung cancer and large cell lung cancer because thetreatment is not at all
the same.
• On the contrary the SSC provides a broad classification. Its purpose is to un-

cover patterns and regularities. The practical usefulnessof such patterns will be
discussed in the conclusion.

Classification of diseases into three broad categories
Before we define the classification, it should be noted that inprinciple one needs not
only death data but also incidence data. By relying on deathswe actually mix up
two phenomena which should be studied separately, that is (i) The emergence of a
disease and (ii) How well a disease can be treated.
When a disease can be completely cured it tends to disappear,e.g. smallpox, cholera
or measles in developed countries. Fortunately two facts contribute to make death
data relevant nevertheless.
• For most diseases there is fairly limited curability for theyoungest (< 1 day)

and oldest (> 90 year) age groups. This point is related to the so-called rectangu-
larization2 of the death rate curve (see Meslé and Vallin 2002 and also Berrut et al.
2016, p. 403, 412).
• We are mainly interested in relative death levels and the latter are more or less

proportional to incidence levels.

Class AS1: diseases in which burn-in predominates

Fig. 2 shows a typical case in which burn-in plays a predominant role.
Table 1 shows that deaths linked to perinatal problems and congenital malformations
dominate death rates in the first month after birth. In subsequent months the share
of these two causes decreases. Overall, for the first year they represent 70% of the
deaths, 16% in the second year and 6.6% for the nine to ten yearage group.
Some congenital malformations may lead to death in the hoursafter birth whereas
others may bring about death only a long time after birth. As amatter of fact, it is

2In our representation it would rather be a triangularization because in Fig. 1 there is no plateau.
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Fig. 2 Death rate due to congenital malformations, USA 1999-2014. On the left, between birth and 10
years, the death rate is divided by104 whereas on the right it is multiplied by a much smaller factor, namely
only 7. This shows that there is a very active burn-in processwhich contrasts with a rather sluggish wear-out
process.Sources: Same as in Fig. 1a

Table 1 Deaths due to anomalies during the infant phase (frombirth to 10 years)

0 − 1− 1+ − 7− 7+ − 28− 28+ − 365− 5y+ − 6y− 9y+ − 10y−

Delivery problems P00-96 79% 65% 55% 7.0% 0.62% 0.63%
Congenital malform. Q00-99 18% 26% 25% 17% 7.9% 6.0%
P00-96 + Q00-99 97% 91% 80% 24% 8.5% 6.6%

Notes: The percentages are with respect to all deaths in the corresponding age interval. Here1− denotes the
end of the first day (i.e. 23h after birth) whereas1+ denotes the beginning of the second day (i.e. 25h after
birth). The last column is for 9 years to 9 years and 365 days. The code numbers following the causes of
death are from the ICD-10 classification, that is to say the 10th revision of the “International Classification of
Diseases”; in most countries it was introduced between 1995and 2000. The combined deaths P00-96+Q00-99
decrease sharply in the first year but the fall levels off thereafter.
Source: CDC (Centers for Disease Control): “Wonder” database, 1999-2014.

quite remarkable that even 50 years after birth the cause of death can still be traced
back to a congenital malformation.

Class AS2: diseases in which wear-out predominates

For the case of Alzheimer’s disease shown in Fig.3 there is noA phase in the sense
that for this disease the first death occurs in the10+−15− age group. A similar shape
is observed for other dementia. The connection between suchdiseases and wear out
processes is emphasized in Courchesne et al. (2000).
Fig. 4, adapted from Courchesne et al. (2000), shows that thevolume of gray matter
(i.e. the external layer of the brain) decreases steadily after the age of 10. It is true
that the volume of white matter decreases more slowly but because good functional-
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Fig. 3 Death rate due to Alzheimer’s disease, USA 1999-2014.The earliest deaths due to Alzheimer’s dis-
ease are in the10+ − 15− age group; as zero values cannot be shown due to the logarithmic scale on they axis,
the green broken line should be seen as symbolically representing the zero level.Sources: Same as in Fig. 1a

ity requires a combination of both white and gray matter3, a loss of capabilities seems
inevitable. Moreover, the inset shows that instead of beingan “orderly” shrinkage, it
is a wear and tear process which distorts the shape of the brain.
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Fig. 4 Decrease of the volume of gray matter.The graph describes quantitatively the shrinkage that the inset
shows qualitatively. The data are for 116 healthy volunteers whose mean age was 21.4 years. From the data
points it is apparent that the sample comprised only few elderly people; thus, there was nobody between 50 and
65 or over 80.Sources: Adapted from Courchesne et al. (2000) and http://www.discovermagazine.com (inset).

In Fig. 4 the important point is that wear-out starts early. Similarly, bone density
3One needs only remember that white matter consists of more than 100,000 kilometers of nerve fibers which connect

parts of the gray matter with each other.
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starts to decrease after the age of 25, that is to say a long time before osteoporosis
becomes a medical problem. As a third example, one can mention human sensitivity
to high frequency audio signals which starts to fall after the age of 20, again long
before any hearing loss becomes noticeable in common life activities. In short, any
attempt to stop (or even slow down) the wear-out process mustalso start early. In
other words, a drug ensuring a long life must by necessity also afford a prolonged
youth. It can be noted that in various civilizations and overmany past centuries the
search for an “elixir of eternal youth” has been a major objective of alchemists.

Intermediate cases

By “intermediate cases” we mean diseases whose rate decreases substantially in the
infant phase and raises significantly in the aging phase.
Common features of diseases due to pathogens
‘Bacterial diseases’ such as the one shown in Fig. 5a are typically of this kind.
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Fig. 5a A case in which there is both burn-in and wear-out: death rate due to bacterial diseases, USA
1999-2014.Based on the ranges of the two graphs one may say that the wear-out process is more considerable
than the burn-in process.Sources: Same as in Fig. 1a

This time, in contrast with Fig. 4, the decline in the infant phase cannot be interpreted
as being due to the existence of pre-natal defects. How then should one interpret such
a graph? A natural interpretation is to say that the decline is due to a strengthening
of the immune system. If correct, this interpretation wouldlead us to say that there
is a weakening of the immune system starting right away afterthe age of 10.
Incidentally, we point out here that the peak which occurs between the age of one
month and one year is not a statistical fluctuation for it is found in many countries
and various time periods. We might speculate that it arises in a similar manner to that
observed for fish as they leave the yolk sac and finally forage independently. Thus
here perhaps the peak is related to the fact that between 6 and12 months, babies shift
from the anti-bodies given by the mother to their own immune system.



8

This interpretation of the dynamics of the immune system canbe tested by examining
other cases in which one would also expect the immune system to play a role. For
instance, in table 2 we examine the case of viral infections,

Table 2 Similarities and differences between diseases due to bacteria or viruses.

Disease Position of Exponent of Doubling time of
infant peak infant decline adult phase

[year] [year]

Viral infections (A80-B34) 0.05 0.52 ± 0.21 15.4 ± 10.5
Bacterial diseases (A00-09+A30-49) 0.53 0.31 ± 0.29 7.6 ± 0.16

Notes: Although it follows broadly the same pattern, the viral case differs from the bacterial case in two respects
(i) the secondary peak occurs earlier (ii) the mortality rate levels off after the age of 50 instead of increasing
steadily as in Fig. 5. These features remain unexplained so far. These infant peaks were studied more closely
in a separate paper (yet unpublished).
Source: CDC (Centers for Diseases Control): “Wonder” database, 1999-2014.

Difference in adult profiles between bacterial and viral diseases
For viral diseases the increase in the adult phase is much slower than for bacterial
diseases. This difference, which can broadly be seen in the last column of Table 2, is
confirmed for specific diseases as shown in Fig. 5c,d. Moreover, it appears that for
protozoan infections the increase with age is even slower than for viral infections.
The reason remains an open question.
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Distribution of diseases in the(γ, α) plane
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Introduction of the (γ, α) plane

The values of the parametersγ, α estimated previously for various diseases can now
be used to position each disease in the(γ, α) plane introduced in Fig. 6.
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theγ axis are all diseases related to congenital defects including those resulting from preterm birth. Along the
α axis are all degenerative diseases. In between the remaining diseases may be closer to the first or second
group denoting a stronger congenital or degenerative component respectively. The “Metabolic diseases” label
refers to diseases due to deficiencies, as for instance diabetes.

What is the status of cancer?

We now discuss the status of cancer in the present framework.

There is a long standing debate about the status of cancer. Isit a disease that is
susceptible of being cured (like tuberculosis, say) or is ita degenerative disease (like
Alzheimer’s disease, say)? Can our framework give us some clues?

Status of cancer in the present classification.If cancer is due to a few mechanisms
that may be knocked out, a global remedy may indeed be conceivable. However,
if it is due to a (programmed) weakening of the immune system that hope does not
seem realistic. One faces the same problem for technical devices in the sense that it
is not always obvious whether an increasing failure rate is due to one isolated hidden
defect or to the simultaneous attrition and wear of many components. In the first case
the defect may be eliminated, however in the second case one would need to replace
almost every part of the device.



10

10 2

10 3

10 4

10
-3

10
-2

10
-1

1 10

D
ea

th
 r

at
e 

(p
er

 m
ill

io
n 

an
d 

pe
r 

ye
ar

)

Malignant neoplasms (C00-97)

γ=0.24±0.18

10 2

10 3

10 4

20 40 60 80

Age (year)

α=0.092±0.009
doubling time=7.4 y

Fig. 7 Cancer death rate, USA 1999-2014.Based on the respective ranges of variation of the infant andadult
death rates one may say that the wear-out process is more considerable than the burn-in process.Sources: Same
as in Fig. 1a.

Fig. 7 shows that in the infant phase cancer looks very similar to the case of bacterial
diseases of Fig. 5 except that there is no secondary peak. In their adult phases
the two cases look also very similar both in shape and doubling-time. The case of
bacterial diseases was (tentatively) explained by successive changes in the strength
of the immune system. Surprisingly for a disease such as tuberculosis for which a
treatment is available, its adult phase mortality has a doubling time of about 9.1 years
which is not very different from the doubling time of cancer.The same observation
holds for other bacterial diseases for which antibiotics are supposed to be highly
effective. These features are consistent with a conceptionin which one assumes that
any therapy, no matter how effective, can only help the immune system but cannot
replace it. Thus, even for a well-treated disease such as tuberculosis, the therapy
barely influences old age death rates (at ages around and above 90-100).

Secondary classification based on response to therapy
When one follows the historical changes in the course of timeof the age-specific
death rates for various diseases it becomes quickly obviousthat they display different
patterns which define a number of distinct classes. In defining these patterns we rely
on data for developed countries. Why?
The level of the death rate is conditioned by the number of thehospitals, physicians
and more generally by the amount of resources that a society devotes to its health
care system. Moreover, in developed countries most vaccines have been introduced
several decades ago which means that we can see their effect fairly clearly. Changes
in the shape of the death rate may reflect and so to say summarize the complex
interaction between a disease and the immune system. In somecases a vaccine may
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completely suppress a disease; that is for instance the caseof smallpox or tetanus. On
the contrary for tuberculosis the vaccine (as well as other means) was able to reduce
considerably the death rate in young and mid-life ages but did not much reduce
the rate for elderly people. Thus, this death rate differential markedly modified the
shape of the curve. In short, shape changes are likely to reflect meaningful biological
differences.

One may distinguish the following classes.

(1) Class E: Marked reduction in death rates together with invariability of the
shape. In this case there is simply a vertical downward translationof the curve.
The examples shown in Fig. 8a are measles and meningococcal disease. In these
cases the death rates were divided by a factor comprised between 5 and 10, a reduc-
tion which was as substantial for old age as for mid-life. Themost striking case in
this class is smallpox which in 1980 has been declared eradicated worldwide by the
“World Health Organization”. The case of measles is somewhat similar. Although
still present in developing countries, it has become so rarein developed countries that
its rate is hardly measurable (in the US there were only 19 deaths in 17 years). Lep-
rosy, varicella or tetanus also fall in this class. It can be called the class ofeliminated
diseases(at least in developed countries).

1

10

0 20 40 60 80 100

Age (year)

D
ea

th
 r

at
e 

(p
er

 m
ill

io
n 

po
pu

la
tio

n)

Meningococcal disease, 1960-1963
Meningococcal disease, 1999-2015

10
-3

10
-2

10
-1

1

10

10 2

10 3

0 10 20 30 40 50 60 70 80

Age (year)

D
ea

th
 r

at
e 

(p
er

 m
ill

io
n 

po
pu

la
tio

n)

Measles 1910
Measles 1939-1940
Measles 1999-2015

Meningococcal diseaseMeasles   

Fig. 8a Class E: measles and meningococcal disease in the United States.The shape of the death rate by
age is almost invariant in the course of time but there is a strong reduction in mortality. In contrast with measles
which is caused by a virus, the meningococcal disease is caused by a bacterium. Moreover it is not primarily a
“childhood disease”. The data are for the United States. Because these are diseases with only a small number
of deaths they do not follow Gompertz’s law.Sources: For 1900, 1940,1960: Mortality Statistics and Vital
Statistics for the United Stares. For 1999-2015: Wonder CDCdatabase.
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Fig. 8b Class 2: tuberculosis and heart disease in the UnitedStates.There is a well-defined pattern in
the sense that in the adult phase the slope (that is to say the exponentα) increases as the global mortality
decreases. The fact that for Switzerland almost identical curves are observed suggests that this pattern is shared
by other developed countries. The ICD10 code definition of tuberculosis is A16-19. For heart disease it is the
combination of the following intervals: I10-15, I20-25, I26-28, I30-51.Sources: Linder and Grove (1947, p.
248-254); Grove and Hetzel (1968, p. 378-469); “Wonder” database of the “Center for Diseases Control”
(CDC).
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Fig. 8c Class U: intracerebral accident and cancer. in the United States.The ICD10 codes for intracere-
bral accident and cancer (malignant neoplasms) are I60-64 and C00-97 respectively.Sources: Vital Statistics
of the United States 1950, Volume 3; “Wonder” database of the“Center for Diseases Control” (CDC).

(2) Class C: Age-dependent changes resulting in shape modification. This is the
case already discussed for tuberculosis. Influenza is very similar. Heart diseases
follow the same pattern as shown in Fig. 8b. Epilepsy is a similar case. Because for
such diseases the total mortality was considerably reducedit can be said that they are
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cured diseases.
(3) Class U: No major changes.No (or only slight) reduction in death rates and

quasi-invariability of the shape. The examples shown in Fig. 8c are intracerebral
accidents and cancer.

For the sake of uniformity, the graphs of Fig. 8a,b,c were drawn for US data. How-
ever, similar patterns are observed in other developed countries. This was checked
particularly for Switzerland, a country whose historical mortality data have been
made available on Internet.

Some of the changes described above are fairly easy to interpret. In a general way,
all eliminated diseases are infectious diseases. One may betempted to attribute this
elimination to vaccination but in fact the mortality of measles started to fall well
before the introduction of the vaccine in 1968. In contrast the diseases in class 2
and 3 are, partially or completely, diseases due to wear-out. For that reason, they are
more difficult to cure especially in old age.

Remark The graph for tuberculosis (Fig. 8b) shows that between 1960and 1999-
2014 the trend has changed in the sense that in this time interval of 40 years the
death rate reduction has extended to old age. This is probably related to the introduc-
tion in the 1950s of the triple therapy, a combination of three separate medications.
Nonetheless, the death rate at the age of 90 remains about 100times higher than at
the age of 10 which means that tuberculosis is still far from belonging to class E.

Conclusion
The classifications proposed in the paper are summarized in Fig. 9. What can be
their usefulness? As already said, there is no claim that it may improve therapy.
However, it may give useful indications to decision makers for defining healthcare
policy. As an illustration, one can consider the case of cancer.

For cancer the stated objective of many programs is to “beat cancer” or to “win the
war on cancer”. Here are some typical statements.
• “Those who took part in the overnight relay will not rest until a cure for cancer

has been found”.
“Twelve hours of fun, friendship and fundraising to beat cancer”.
• In his speech after signing the “National Cancer Act” of 1971, President Richard

Nixon used the expression “the conquest of cancer”, perhapsin a parallel with the
conquest of the Moon.

In other words, the set goal is not just to find a cure for specific forms of cancer but
to eliminate cancer as a major cause of death, just as tuberculosis was eliminated as
a major disease. It can be noted that such an ambitious objective is at odds with the
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Fig. 9a,b Diagrams summarizing the classifications proposed in the paper. (a) The first-line classification
is based on the exponents of the hyperbolic and exponential laws whereas the second-line classification is based
on the historical response of diseases to therapy. (b) 3-d representation of shape changes due to response to
therapy. Because the difference between class 1 and class 3 involves the reduction in mortality levels, it cannot
be seen on this diagram (remember that the parametersα, γ describe only the shape).

place of cancer in the classifications proposed in this paper.

Nobody would claim that it is possible to cure completelyall forms of heart disease.
If one accepts the idea that the heart is a pump the fact that itis limited to a certain
number of beats seems reasonable. Yet, for cancer, because its origin is more mys-
terious, huge amounts of funds are devoted to its elimination. Incidentally, it can be
observed that according to an estimate given in Olshansky etal. (1990) elimination
of all forms of cancer would increase life expectancy at birth by only 3 years. The
reason is that cancer is predominantly a disease of old age which means that its elim-
ination would concern mostly the relatively small group of people who reach such
old ages. Moreover, in such age groups there are, apart from cancer, numerous other
causes of death.

Appendix A. Data and method

Data

In this paper we relied on US statistical data for convenience of access reasons. How-
ever, our exploration of the data of other countries (for instance France or Switzer-
land) convinced us that similar results would be obtained inother industrialized
countries.

In this respect, one should mention the the epidemiologicaldata collected and pub-
lished by the “Global Burden of Disease” group at the initiative of the Lancet journal.
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The complete title is given below under the reference “GBD 2017”. Once these data
will be organized into an interactive data base they will provide a very convenient
and helpful tool.

In the US we used one interactive database, namely “CDC WONDER (1999-2014)”,
and also the following datasets:
• US mortality data. Until 1937 these annual volumes were entitled “Mortality

Statistics”; subsequently their name was changed to: “Vital Statistics of the United
States”. All these volumes have been digitized and are available on the website of the
“Centers for Disease Control”. The data are mostly death numbers; rates are given
in a few cases only.
• Linder and Grove (1947) plus Grove and Hetzel (1968). These authors compiled

the death numbers given in the previous source and computed corresponding rates.

Statistical estimates

The estimation procedure was facilitated by linearisationof the death rates through
a log-log representation for infant death data and a semi-log representation for adult
data. Thus, our exponentsγ andα are linear least squares estimates. In the graphs
and in Table 2 the± indications are 95% confidence intervals. Because the data
points are very much collinear such confidence intervals areusually fairly small (un-
der 10%) and do not play any role in our arguments.

The doubling timeT was derived from the exponentα through the standard formula:
T = log 2/α.

It can be observed that in contrast toT which is dependent upon the time measure-
ment unit,γ is a dimensionless exponent.
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