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EDITOR’S ANNOUNCEMENT

Tue rapidly increasing specialization makes it im-
possible for one author to cover satisfactorily the whole
field of modern Biology. This situation, which exists in
all the seciences, has induced Knglish suthors to issue
series of monograplhs in Biochemistry, Physiology, and
Physics. A number of American biologists have decided
to provide the same opportunity for the study of
Experimental Biology.

Biology, which not long ago was purely descriptive
and speculative, has begun to adopt the methids of the
exact sciences, recognizing that for permanent progross
not only experiments are required but that the experi-
ments should be of a quantitative character. It will ba
the purpose of this series of monographs to emphasize
and further as much as possible this development of
Biology.

Experimental Biology and (Ieneral Physiology are ono
and the same science, by method as well as by contents,
since both aim at explaining life from the physico-chemical
constitution of living matter. The series of monographs
on Experimental Biology will therefore include the field
of traditional Ueneral Physiology.

Jacques Loxs,

T. H. Moroan,
W. J. V. Osrenssour.



AUTHOR’S PREFACE

Ix preparing the material of a series of lectures, given
at the Lowell Institute in Boston in December 1920, for
book publication, I have deemed it on the whole best to
adhere rather closely to the original lecture mode of pre-
sentation with all its informality. Except for the fact
that the matter is here set forth in somewhat greater
detail than was possible under the rigid time limitations
of the Lowell Institute, and that the breaking into chap-
ters is slightly different, the whole is substantially as it
was presented in Boston.

What I tried to do in these lectures was to bring
together under a unified viewpoint some of the more im-
portant contributions which have been made to our know-
ledge of natural death, from three widely scattered
sources: namely general biology, experimental biology,
and statistical and actuarial science. It will be obvious
to anyone who knows the literature from these fields
regarding natural death and the duration of life that in
such an amount of space as is here used, no one counld
hope to cover a field so wide with anything approaching
completeness. To do so would require a series of volumes
in place of one small one. But this has in no wise been
my object; I have instead hoped that the very incomplete-
ness itself of this work, necessitated by my limitations
of space and knowledge, might stimulate the reader to
penetrate for himself further into the literature of this
fascinating and important field of biology. To help him
to start upon this excursion a brief bibliography is
appended. It by no means completely covers the field,
but may perhaps serve as an introduetion.
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10 AUTHOR’S PREFACE

I am indebted to a number of authors and publishers
for permission to use illustrations and wish here to ex-
press my great appreciation of this courtesy. The indi-
vidual sources for these borrowed figures are in every
cage indicated in the legends. To Dr. J. McKeen Cattell
I am especially grateful for allowing me the use of the
blocks from the magazine publication of this material in
the Scientific Monthly; to Dr. Alexis Carrel for permis-
sion to use unpublished photographs of his tissue cultures;
and, finally, to Professor T. H. Morgan for critically
reading the manuscript and making many helpful

suggestions.
R.P.

BALTIMORE,
April 19, 1922.
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THE BIOLOGY OF
DEATH

CHAPTERI1
THE PROBLEM

ProBaBLY no subject so deeply interests human beings
as that of the duration of human life. Presumably just
because the business of living was such a wonderfully
interesting and important one from the viewpoint of the
individual, man has endeavored, in every way he could
think of, to prolong it as much as possible. He has had
recourse to both natural and supernatural schemes for
attaining this objective. On the mundane plane he has
developed the sciences and arts of biology, medicine and
hygi¢ne, with the fundamental purpose of learning the
underlying principles of vital processes, so that it might
ultimately be possible to stretch the length of each indivi-
dual’s life on earth to the greatest attainable degree.
Recognizing pragmatically, however, that at best the limi-
tations in this direction were distinetly narrow, when
conceived in any historical sense, he has with singularly
wide-spread unanimity, deemed it wise to seek another
means of satisfying his desires. Man’s body plainly and
palpably returns to dust, after the briefest of intervals,
measured in terms of cosmic evolution. But, patent as
this factis it has not precluded the postulation of an infin-
ite continnation of that impalpable portion of man’s be-
ing which is called the soul. With the field thus open we

2 17



18 THE BIOLOGY OF DEATH

see some sort of notion of immortality incorporated in
an integral part of almost all folk philosophies of which
any record exists.

Now, perhaps unfortunately, perhaps fortunately, it
has up to the present time proved impossible absolutely
to demonstrate, for reasons which will presently appear,
by any scientifically valid method of experimentation or
reasoning, that any real portion of that totality of being
which is an individual living man persists after he dies.
Equally, for the same reasons, science cannot absolutely
demonstrate that such persistence does not occur. The
latter fact has had two important consequences. In the first
place, it has permitted many millions of people to derive
a real comfort of soul in sorrow, and a fairly abiding tran-
quility of mind in general from the belief that immortality
is a reality. Even the most cynical of scoffers can find lit-
tle fault with such a result, the world and human nature
being constituted as they are. The other consequence of
science’s present inability to lay bare, in final and irre-
fragable terms, the truth about the course, if any, of
events subsequent to death is more serious. It opens the
way for recurring mental epidemics of that intimate mix-
ture of hyper-credulity, hyper-knavery, and mysticism,
which used to be called spiritualism, but now usually pre-
fers more seductive titles. We are at the moment in the
midst of perhaps the most violent and destructive epi-
demic of this sort which has ever occurred. Its evil lies in
the fact that in exact proportion to its virulence it des-
troys the confidence of the collective mind of humanity
in the enduring efficacy of the only thing which the history
of mankind has demonstrated to contribute to the real
advancement of his intellectual, physical, spiritual and
moral well being, namely that orderly progression of
ascertained kmowledge which we now call science.
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The reason why science finds itself helpless to pre-
vent spiritnalism’s insidious sapping of the intellectual
fiber of the race is because it is agked to prove a negative,
upon the basis of unreal data. How difficult such a task
is is obvious as it is proverbial. Until science has demon-
strated that there is nof a continunation of individual
supernatural existence after natural death, the spiritnal-
ist can, and will, come forward with supposed demonstra-
tions that there is such a continuation. But the most
characteristic feature of science is its actuality, its reality,
its naturality. Pearson has pointed out, in characteristi-
cally clear and vigorous language, the reason why, in the
roinds of uninformed persons, science appears helpless in

this sitnation. He says:

Scientific ignorance may either arise from an insufficient classification
of facts, or be due to the unreality of the facts with which science has been
called upon to deal. Let us take, for example, fields of thought which
were very prominent in medieval times, such as alchemy, astrology, witch-
craft. In the fifteenth century nobody doubted the “facts” of astrology
and witcheraft. Men were ignorant as to how the stars exerted their
influence for good or ill; they did not know the exact mechanical process
by which all the milk in a village was turned blue by a witch, But for
them it was nevertheless a fact that the stars did influence human lives,
and & fact that the witch had the power of turning the milk blue. Have
we solved the problems of astrology and witcheraft today?

Do we now know how the stars influence human lives, or how witches
turn milk blue?! Not in the least. We have learnt to look upon the facts
themselves as unreal, as vain imaginings of the untrained human mind;
we have learnt that they could not be described scientifically because they
involved notions which were in themselves contradictory and absurd. With
alchemy the case was somewhat different. Here a false classiflcation of
real facts was combined with inconsistent sequences—that is, sequences
not deduced by & rational method. So soon as science entered the field
of alchemy with a true classification and a true method, alchemy was con.
verted into chemistry and became an important branch of human knowl-
edge. Now it will, I think, be found that the fields of inquiry, where
science has not yet penetratel and where the scientist still confesses
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. . like alchemy, astrology, and witcheraft of the Middle
fg:;&n;'ﬂ::: :l:g involve fac{a which sre in themselves unreal -con.
ceptions which are self-contradictory and absurd, and therefore incapable
of analysis by the scientific or any other method -or, on the other hand,
our ignorance arlses from an inadequate clansification and a negloct of
scientific method.

This is the actual state of the cams with thoss mental and spiritus)
phenomena, which are said to lle outsnide the proper scope of wrience, or
which appear to be disregarded by sclentific men. No bﬂfn exnmple
can be taken than the range of phenomensn which xre entitled Npiritualism,
Here science is asked to analyse & series of facts which are to u yrest extent
unreal, which arise from the vain imaginings of untrained minde and
from atavistle tendencies to superstition. Bo far us the fucts nre of this
character, no account can be given of them, becatywr, like the witel’s
supernatural capacity, thelr unreality will be found at bottom to meke
them self-contradlctory. Combined, however, with the unreal series of
facts are probably others, connected with hypnotic and other ronditions,
which are real and only incomprehensibls becayuse thers in as yol srarcely
any intelligent classification or true application of sclentific methud. The
former clase of facts will, like antrology, never be reduced to law, but will
one day be recognized as absurd; the other, like sichemy, may grow atep
by step into an lmportant branch of selence. Whenever, thrrefore, we
are tempted to desert the scientifio method of seoking truth, wheneesr the
silence of science suggests that some other gatewsy must be sought to
koowledge, let us inqulre first whether the clementa of the problem, of
whose solution we are ignorant, may not after all, like the factsa of witoh.
craft, arise from a superstition, and be self-contradictory and jscompre.
hensible hecause they are unreal.

Let us recapitulate briefly our discussion to this point.
Mankind has endeavored to prolong the individual life by
natural and by supernatural means. This Intter plan
falls outside the present purview of the scientific method.
The former is, in last analysis, responsible for a consid-
erable part, at least, of the development of the science
of biology, pure and applied, and tho arts which found
their operations upon it. Biology can and has contributed
much to our knowledge of natural death and the causes
which determine the duration of life. It is the purpose
of this book to review some of the more important aspects
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of this phase of biolugical seience, and endeavor to set
forth in an orderly and consistent mauner the present
state of knowledge of the snbject.

The problem of natural deathh has two aspects, one
general, the other special. These may be stated in
this way:

1. Why do living things diet What is the meaning
of death in the general philosophy of biology !

2. Why do liviug things die when they dot What
factors determine the duration of life in general and in
particular, and what is the relative influence of ench of
these factors in producing the observed result?

Both of these problems have been the subject of much
speculation and discussion. There has acenmulated,
especially in recent years, a considerable amount of new
experimental and statistical data bearing npon them. |
hope to be able in what follows to show that this uew
material, together with that which has for a long time
been a part of the common store of biologienl knowledgn,
makes possible a clearer and more logienlly consistent
picture than we have had of the meaning of death and
the determination of longevity., Let us first exnmine in
brief review the broad generalizations about denth which
have grown up in the course of the development of hiology,
and which may now be regarded as agreed to by praeti.
cally all biologists.

BIOLOGICAL, QENEHRALIZATIONH ABOUT NATILIHAL DEATH

The significant general facts which are known abhont
natural death are these:

(A). There i3 an enormous variation in the duration
of Ufe, both intra and inter-racially. Table I, which is
adapted from various authoritics, is to be read with the
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understanding that the figures are estimates, frequently
based upon somewhat general and inexact evidence, and
record extreme, though it is believed authentic instances.
‘While the figures, on the accounts which have been men-
tioned, are subject to large probable errors, the table does
give a sufficiently reliable general picture of the truth
to indicate the enormous differences which exist among
different forms of animal life in respect of longevity.

TABLE 1
Longevity of Animals
Animal Approxing?fief ligissi 1?:; x;'x:tx:rpne%rirexg duration
Lower invertebrates Under 100 hours to ?
Insects Under 100 hours to 17 years
Fish ? to 267 years
Amphibia ?to 36 years
Reptiles ? to 175 years
Birds 9 years to 118 years
Mammals 114 years to over 100 years

We see from this table that life may endure in differ-
ent forms from only the briefest period, measured in
hours as in the case of Ephemeridae, to somewhere in
the hundreds of years. The extremely long durations
are of course to be looked upon with caution and reserva-
tion, but if we accept only extreme cases of known dura-
tion of life in man, the range of variation in this
characteristic of living things is sufficiently wide.

It is probable that man, in exceptional instances, is
nearly the longest lived of all mammals. The common
idea that whales and elephants attain great longevity
appears to be not well founded. The absolutely authentic
instances of human survival beyond a century are, con-
trary to the prevalent view and customary statistics,
extremely rare. The most painstaking and accurate
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investigation of the frequency of occurrence of centen.
arians which has ever been made is that of T, M. Youug.
Beecause of the considerable intrinsic interest of fhe
matter, and the popular miseoncoptions which generally
prevail abont it, it will be worth while to take a litfle
time to examine Young's methods and results. He points
out in the beginning that the evidenee of great age whieh
is usually accepted by censns officials, by registrars of
death, by newspaper reporters, and by the general publie,
is, generally speaking, of uo validity or trnstworthiness
whatever. Statements of the persoun coneerned, or of that
person’s relatives or friends, as to extreme longevity,
can almost invariably be shown by even a little investiga-
tion to be extremely unreliable. To be acceptable as
seientific evidence any statement of great age must be
supported by unimpeachable documentary proof of at
least the following points:

8. The date of kirth, ur nf baptism.

b. The date of death.

e. The identity of the person dying at n supponed very advanesd spe
with the person for whow the birth or baptinmal reeord, upon
which the claim of great age in based, was made out,

d. [Iu the erno particularly of married women the dute of marriage,

the perann to whom wmarried, and any other dsta whirh will
help to establish proof of blentity

In presumptive cases of great longevity, which on
other grounds are worthy of serious consideration, it is
usually in respect of item e~the proof of identity- that
the evidence is weakest. Every student of genealogionl
data knows how easy it is for the following sort of thing
to happen. John 8mith wan born in the Intter half of
the eighteenth century. His baptism was duly and pro-
perly registered. He unfortunately diad at the age of
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say 15. By an oversight his death was not registered.
In the same year that he died another male child was
born to the same parents, and given the name of John
Smith, in commemoration perhaps of his deceased brother.
This second John Smith was never baptized. He at-
tained the age of 85 years, and then because of the appear-
ance of extreme senility which he presented, his stated age
increased by leaps and bounds. A study of the baptismal
records of the town disclosed the apparent fact that he
wag just 100 years old. The case goes ont to the publie
as an unusually well anthenticated case of centenarianism,
when of course it is nothing of the sort.

Young applies vigorously the criteria abhove enumer.
ated first, to the historically recorded cases of great long-
evity such as Thomas Parr, et id genus omne, and rejects
them all; and second to the total mortality experience
of all the Life Assurance and Annuity Societies of (ireat
Britain and the annuity experience of the National Deht
Office. The number of persons included in the experience
was close npon a million. He found in this material, and
from other outside evidence, exactly 30 persons who lived
100 or more years. In Table 2 the detailed results of
his inquiry are shown in condensed form.

It will be noted from this table that the most extreme
case of longevity which Young was ablo to authenticate
was about a month and a half short of 111 years. Of
the 30 centenarians recorded 21 were women and 9 were
rmen. The superiority of women in expectation of life is
strikingly apparent at the very high age of 100 years. We
shall later see that this is merelya particularly noteworthy
instance of a phenomenon which is common to a great
portion of the life span.
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The contrast between these proved findings of Yonng,
exceedingly modest hoth in respeet of numbers, and ex-
tremity of longevity, and the loose data on centennrinnism

TABLK 2
Authentic Instances of Centenarianism {(from Young)

Agr nt demth
Bocial status {83 12

Hex taingle or . e s ,

mrried) Yenrs Maoutha ‘ Dinya
¢ M 110 .. w2l
@ M 108 .. 144
@ M 105 8 e
Q@ 8 104 N 10
Q@ M 103 9 28
Q@ ? 103 ‘e <0
Q@ M 103 3 7
d 7 103 1 ]
o ? 102 0 2
Q ? urn . 218
Q@ 8 102 4 1
Q 8 102 1 M
Q 8 102 . 4
Q" N8 Hn . 19
o ? 114/ . 4
et 8 101 1 4
Q 8 101 X 3h
J ? i ‘e 211
o ? ! 4 .o
4 8 101 H HY
Q 8 101 1 4
J ? m ‘e a2
e 8 m .. i
d 1 o 9 4
4 8 100 7 H
Q 8 106 i) §
Q M 100 . 13
d M 160 b 4
Q B 100 1 1]
@ ? 100 | 2

* Living 40 Soptomber, 1905,
{ Living 31 July, 180,

which one can find in any year's mortality statistics, is
striking. In an examination of the matter recontly, for
example, it was found that in the registration area of the
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TUnited States there were recorded in the year 1916, out
of a total of 1,001,921 deaths at all ages the following as
of ages 100 or over:

White males .ocoovvverivnr o 117
Colored males ...coeovee oo e
White females .......cocoov. -0 . . §.1]
Colored females ............. ... S 2

TotAl vevevevarorrornioorocore - .. B9

In this large total 4 persons were recorded as having
died at the age of 120, and one, a colored female, at the
preposterous age of 1341

B. There is no generally valid, orderly relationship
between the average duration o} life of the individuals
composing & species and any other broad fact now known
in their life history, or their structure, or their physiology.,
Many attempts have been made to set up generalizations
establishing connections of this sort. Weismann particu-
larly, has endeavored to establish such relutions only to
have them overthrown, sometimes by facts which he him-
self presents. It has, for example, been contended that the
larger an animal the longer its life. Thia in obviously
no general law. Again it has been held that no animal
lives after reproducing, except such as care for their
young, but almost numberless instances can be adduced
where no such relationship holds. It will not pay to ex-
amine all the hypotheses of this gencral type whigh have,
at one time or another, been put forward. With one excep-
tion, to which we shall advert immediately, they all suffer
from too many important exceptions to be considered
valid generalizations.

C. Natural death as distinguished from accidenial
death is preceded by defimite structural and functional
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cZranges in the body. These changes in the strmeture of
different organs and parts of the body, and in their man-
N ex of functioning constitute the material basis of what is
called senescence or growing old. Some of the morpho-
logical and physiological changes which characterize ex-
treme senescence are apparent and known to all. Such
axre incase of man the bent posture which means an altered
P osgition and fusion of the elements of the vertebral
¢ olumn, the wrinkled visage, which denotes a profound al-
teration of tissue elements, and the shuffling and uncer-
taimn gait, which bespeaks a failing motor cosrdination.
Ixn Figure 1 these senescent changes are all well indicated
in the case of an old man who has received much news-
Pajper notice, ‘‘Uncle’”’ John Shell of Kentucky, who is
hexre shown with his last wife and supposed son. This
Poor old man has been exhibited about that part of the
country as ‘‘the oldest living human being,’’ at a claimed
age of 131 years. As a matter of fact, Nascher, who has
xnade a careful investigation of the case, finds him to be
¢ < about one hundred years old, possibly a year younger
ox older.” The paternity of the 414 year old boy, though
claimed by Shell, is in considerable doubt.

Beside these obvious senescent changes there are
going on even more significant changes in the cellular ele-
ments which compose the body. Certain of these cellular
ehamnges of age were described in a series of Lowell lec-
tures given a little more than a decade ago by the late
IDx. Charles Sedgwick Minot. Over a quarter of a cen-
tuxry ago Hodge made a careful study of senile changes in
nexwve cells. In a man dying naturally at 92 years of age
he foundmarked changesin the cells of the spinal ganglia
as compared with those of a new born babe. The chief
differences are exhibited in Table 3.
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TABLY 3
Showing the Principal Differences Observed on Comparing the Spinnl Ganglhion
Cells (First Cervical Ganglion) from a Chilid ot Birth With Thow
from a Man Dying of Old Age at Nincly-tieo Yeara,
(From lodge’s data)

Baby st birth, Mals (bl Man

Volume of nucleus 100 por cent. 04.2 per cryt.
Nuecleoli visible 53 por oont. 5 per oent.
Deep pigmentation 0 per cent. 67  per ont.
Slight pigmentation 0 per cent. BV per oent,

Hodge found still more marked changes in the anten-
nary lobe of the nervous system of the honey bee. The
nature of the changes is shown iu Figure 2.

In the ganglion cells of bothh man and the huney bee,
the volume of the nueleus in proportion to that of the
rest of the cell body becomes reduced with advaneing age.
Minot showed that this was a very general phenomenon
in senescence, and was a continuous proeess from birth to
death. He gave to it and related and associated ecllulnr
changes the name ‘‘cytomorphosis,’’ and attributed to it
the greatest significance in bringing about sencseence and
death. As we shall presently see, cytomorphosis mny
perhaps more justly be regarded as one of the morpho-
logical results of senescence rather than its cause.

Recently Mrs. Pizell-Goodrich, an Knglish worker, bas
re-studied the senescent changes in the cells of the honey
bee. Her work shows in a striking way the loss of proto-
plasm in the aged cell. In the young bee immedintely
after hatching, the cells are large and plump, anly separ-
ated from each other by narrow strands of connective
tissue. In the same region of the same ganglion in an old
bee which came from a hive on a fine day in March, but
was too weak to effect a cleansing flight and soon became
moribund, the nerve cells were quite worn out. There
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was left only a framework of connecting tissue, with an
occasional nucleus of a nerve cell in a more or less
necrotic condition, with only a little cytoplasm around it.

3.

F16. 2.—Showing the changes in nerve cells due to sge. 1, spinal ganglion cells of a still-
born male child; 2, spinal ganglion cells of a man dying at ninety-two years; N. nudei.
Xx the old man the oytoplasm is pigmented. the nucleus is small, and the nuoleolus muosltx)

hrunken or absent. Both sections taken from the first cervical ganglion, X
dismeters; 3, nerve cells from the antennary ganglion of a honey-bee, just_emerged in the
perfect form; 4, cells from the same locality of an aged honey-bee. In 3, the large
nucleus (black) is surrounded by a thin layer of cytoplasm. In 4, the nucleus is stellate.
:ﬁd tli? osell)substanoe contains large vaocuoles with shreds of cytoplasm. (From Donaldson

er ge).

There are other and perhaps even more general and
s triking morphological changes in senescence than the
changed relation between cytoplasm and nueleus.
Conklin says:

By all odds the most important structural peculiarity of senescence is
the increase of metaplasm or differentiation products at the expense of
the general protoplasm. This change of general protoplasm into products
ofX differentiation and of metabolism is an essential feature of embryonic

differentiation and it continues in many types of cells until the entire
cell is almost filled with such products. S8ince nuclei depend upon the



30 BIOLOGY OF DEATH

general protoplasm for their growth, they also become small i
cells. If this process of the transformation of protoplasm into differe
tion products continues long enough it necessarily leads to the death ©f
the cell, since the continued life of the cell depends upon the interact*o™
between the general protoplasm and the nucleus. In cells laden with the
products of differentiation, the power of regulation is first lost, then t}f"
power of division, and finally the power of assimilation; and this *®
normally followed by the senescence and death of the cells.

n stach
ntia~

D. Natural death (as distinguished from accidentS )
occurs normally and necessarily onmly in animals coMt-
posed of many cells. Unicellular organisms are finally
known, to a considerable extent as the result of the bril-
liant and painstaking researches of Woodruff and his
students, to be immortal in esse as well as in posse. Since
the discovery by Woodruff and Erdman of the process
of nuclear reorganization, which they call endomixis, this
conclusion is as solidly grounded if we regard a cycle of
protozoan divisions as the homologue of the metazoam
body, as it is if we consider each individual protozoan as
such homologue. Woodruff has been cultivating the com -
mon unicellular form Paramecium, shown in Figure 3,
for over 13 years.

During all this time no conjugation or pairing of ir-
dividuals has oceurred- In a recent letter Dr. Woodruf¥
says: ‘‘After we had discovered and worked out endo-
mixig there seemed no particular nse of carefully record-
ing the number of generations each day. But the culture
is still going on as well as ever and is at approximately
the 8500th generation—131%4 years old! On May 1,
1915, (just 8 years old) it was at the 5071st generation.” *
If in 8500 generations—a duration of healthy reprodue-
tive existence which, if the generation were of the same
length as in man would represent roughly a quarter of a
million years in absolute time—matural death has not
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occurred, we may with reasouable assurance conclude
that this animal is immortal.

Of even more probative value, in the opinion of
some workers, than the results on Paramecium are

Rig, Bo~Daramecinin, virwed fron the sealnsirfure 2, )eft side: H. tight aid
o, octosmrn; en., siubomace; £ v, Pl vaeusion, g, poiind, m, snreth, wo ::‘r:«.":; ;:’;‘n:'?.
micronuclous: o, g., oral groove: 12, pellicde, fr, eardosval syt The ntrams shoow 1
direstion of movemeant of the {nad vacuolon, (From Jennings),

the recent experiments of Hartmann, who eultivatod
Eudoring clegans for over GO0 generations without con-
jugation or any nuclear reorgnnization corresponding to
endomixis, and no depression in the culture occurred.
The distinetion between Protozoa and Metazos in
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respect of the incidence of natural death is Ho imporiant
that it requires a somewhat detailed explanation, together
with the reasons for it. Protozoa reproduce by a process
of simple division or fission. A particular individual
after growing to a certain size simply divides transversely
into two like individuals, at first smaller in size, but ra-

y
‘ }
>

D
/ \

<> s

Fia. 4—Diagram showing the process of reproduction by ¥in. B-Cunjuuntion
fission in the unicellular orginism Paramecium. in Pacamesiom.

pidly growing to full adult magnitude. The esnontial
gross features of this process are illustrated in Figure 4.
One cannot say, after the act of fission is accomplished,
which is parent and which is offspring. One individual
simply becomes two and, in the process of becoming two,
loses totally its own identity as an individual. Upon ocea-
sion another process known as conjugation may intervene,

In this process two individuals mate together. By a
process of assortative mating, like sizes pair together,
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as was first shown by the writer and later confirmed by
Jennings. After pairing has oceurred an interchange of
nuclear substance oceurs by a mechanism desceribed nnd
figured in many elementary textbooks of zoology. This
process of conjugation nemi not farther econcorn us here,
for the reason that WoodrufY, in the work already referred
to, has shown that this plhienomenon is not essential to
the continued life of the race. Iis place may be, aul
normally very frequently is, taken by the process ealled
endomixis. In this process there ocenrs a nuclear broak-
down and reorganization which appuars to be the cquiva.
leut, functionally at least, of that which takes place
during conjugation.

There has been much discussion, particularly among
Enropean workers, as for example Doflein, Jollos, Wale.
kind, Slotopowski, and others, about certain philosophi-
cal, not to say metaphysical, aspeets of immortality in
the Protozoa. But all sueh discussion has in no wise dis
turbed or altered the plain physiesl faet that there is no
place for death in a scheme of reproduction by simple
fission, such as is illustrated in Figure 4. Nothing is loft
at any stage to fulfill the proverbial scheme of “*dust to
dust and ashes to ashes.”” When an individual is theough
its single individual existence it simply becomes two indi-
viduals, which go on playing the fascinating game of
living here and now.

In a few of the simplest and most lowly organized
groups of many-celled animals or Metazoa this power of
multiplication by simple fisgion, or budding off u portion
of the body which reproduces the whole, in retained as
a facultative asset. This process of reproduction in which
the somatic or body cells of one generation produee the
somatic cells of the next generation has been aallnd
agamic reproduction. It occurs aa the more usual but not

3
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system,

F16. 6.—Planaria dorotocephala: m, mouth(-Fth. phqng;z: al, alimentary tract; ns, nervous
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exclusive mode of reproduction, in some or all forms of
the three lowest groups of multicellular organisms, the
sponges, flatworms, and coclenterates. More rarely it

.
90

Fia,-7, Bagine
ningof process of
BEAMIA repros
2; uo: im,:“ by r!:n—

na n TSRriN.

(Fm{ﬁ Childy

may oceur in other of the lower invertebrate
gronps. It may oceur in the form of budding
or of fission comparable to that of the Proto-
20a. The agamice reproduction of one of the
flatworms, Planaria dorotocephala, studied
by the writer many years ago, as shown in
IPigure 6, may serve as an illustration.

This simply organized worm, which Lives
under atones in sluggish streams and ponds,
after attaining a certain size, will under the
appropriate environmental conditions exhibit
a constriction towards the posterior end of
the body, as shown in Figure 7.

For a time the animal moves about as a
rather ungainly double individual. It finally
separates into two.  The larger anterior part
forms a new tail, and the smaller posterior
finsion product forms a new head and rapidly
grows to full size. The process is, in princi-
ple, exactly the same as the multiplication of
Paramecium by fission. In another member
of the same general group of animals as
Planaria, named Stenostomum, several fis-
sion planes may form and the process start
anew before the products delimited by the
first plane have separated. As a result, we
get frequently in this form chains of individ-
uals attached in a long string to each other,

as shown in Figure 8.
1t is obvious that so long as reproduction goes on in



36 BIOLOGY OF DEATH

I F.1.1.
' I.I. 1.1.1.
2 1.1.2.
1.2
2. 1.1.2.
r.a. 1.3.1.
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2.1.2.
» a2.2.

-

Fig. 8—Progress of agamie reproduction in Stonostomam € e senuenon i U Int mating of new
& sovids s Y;dietud by the num‘nln. (From Cihald.),
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this manner in these multicellular forms there is no place
for death. In the passage from one generation to the
next no residue is left behind. Agamic reproduction and
its associated absence of death occurs very commonly in
plants. Budding and propagation by cuttings are the
common forms in which it is seen. The somatic cells have
the capacity of continuing multiplication and life for an
indefinite duration of time, so long as they are not acci-
dentally canght in the breakdown and death of the whole
individual in which they are at the moment located. Thus
virtually every apple tree in every orchard in this coun-
try is simply a developed branch or bud of some original
apple tree from which it was cut, in many cases centuries
ago. Apple trees cannot of their own unaided. efforts
propagate either buds or cuttings. So, until the interven-
tion of man, some apple trees died natural deaths, somati-
cally speaking, just as do the higher animals of which
we shall speak presently. But their cells were inherently
capable of better things, as was demonstrated when man
first cut off a shoot from an old apple tree and provided
it with a root by grafting.* Then it went on and made a
new tree. From it in turn cuttings were taken, and so the
process has continued to the present day. A part of the
soma of one generation produces the soma of the next
generation and goes on living indefinitely.

A different mode of reproduction is characteristic
of higher multicellular animals, and in all but the lowest
groups is the exclusive method. A new individual is
started by the union of two peculiar cells of extraordinary
potentialities, called germ cells. These germ cells are of
two sorts, ova and spermatozoa. In bisexual organisms

* This provision of roots was not essential, only practically convenient.
The cutting would, if enough pains were taken, grow its own roots.
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the former are borne in the female, and the latter in the
male body. Both sorts undergo a complicated prepara-
tion for union, the result of which is that when union does
occur each party to it contributes either an exactly equal
or an approximately equal amount of hereditary mate-

Fia, 9.—Section across the posterior part of an emb'liyo dog-fish (acanthias) of 3.5 mm.. to

show the compact cluster of germ cells on one side. The germ cells in Jater stages migrate

from this primative position, moving singly orin small groups. Ect, ectoderm: Md, medullary

cana/l or primitive spinal cord: Nchk. notochord;: Mes, mesoderm: Ent, entoderm: X, cellular

strand connecting the germ cell cluster with the yolk. (From Minot after Woods, with the
permission of the publishers, G, P. Putnam’s Sons).

rial. After union has taken place the fertilized ovum
or zygote presently begins to divide, first into two cells,
these again to four and so on, until by a continuation of
this process of division with concomitant differentiation
the whole body is formed. As the animal develops by
repeated cell division and differentiation, it is frequently
found that at the very early stage the cells which are to
be the germ cells of the next generation are clearly re-
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cognizable by their structure, and often are set aside
in a definite location in the developing embryo. Thus,
to take but a single example of a phenomenon of wide
generality, at a very early stage in the development of
the dog-fish, when the only bodily organs of which even
the rudiments are recognizable are the beginnings of what
will presently become the spinal cord and the back-bone,

. F1a. 10.—First division in egg of Cyclops, showing at one pole of spindle the granules
which mark the germ path. (From %’ﬁd‘ nit;r A)mma. by permission of University of
cago Press).

it was shown by Woods, many years ago, that the germ
cells are definitely localized and recognizable, as shown
in Figure 9.

In some forms, notably the round-worm Ascaris, va-
rious crustacea and insects, the cells which are to become
germ cells are visibly set apart from the very first or one
of the first three or four cleavages of the fertilized ovum.
For example, in the case of the crustacean Cyclops, Amma
has shown that the granmnles visible at one pole in the
very first division mark the prospective germ path, as
shown in Figure 10.

In the gnat Chironomus the same thing is visible at a
very early cleavage, according to the observations of
Harper. For a comprehensive and critical review of the
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extensive literature on the Keimbahn one should e
the recent contributions of Hegner on the subject.

To condense a long awd complieated matter we
state the sitnation regarding reprodnetion and des
the Metazoa in this way. A higher, malticelinlar i
dual may be conceived, from the viewpoint of the p
discussion, as composed of two essentinlly indepe
portions: the germ colls on the one haud, whieh ar
mortal in the same sense that {he Protozon are imm
and the rest of the body, whiel it iy convenient t
technically the soma, on {he other hand. The sorun n
goes natural death after an inferval of time which,
have scen, varies from species to species. The germ
which the individual bears in its body at the time
death of conrse die alsn. But this is purely aceid
death 8o far as councerns the germ cells. Sueh of the
were, prior to the death of the roma, rnabled to
with other germ cells went on living just nax doe
dividing Paramecium, Redueed to a formnla we ma:
that the fertilized ovum (united germ eelln) prodw
soma, and more germ cells.  The soma eventually
Some of the germ ecells, prior to that event, pre
somata and germ cells, and 80 on in a continnous
which has never yet ended sinee the appenrance of n
cellular organisms on the earth.

The contrast between the protozoan and the mets
method of descent is shown in Figure 11, which inn
fication of a similar diagram originally due to my
league, Dr. H. 8. Jennings,

The diagram represents the descent of generat
The upper portion of the disgram shows the mo
descent in forms reproducing from organisms repre
ing from a single parent. The lower, or B portion o
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diagram shows the mode of descent in form reproducing
from two parents. The lines represent the lives of indi-
viduals (as in A diagram), or of germ cells (in the B

Fia. 11. Diagram to show mode of descent in (A) unicellular animals reprodusing agamio-
ally, and in (B) multicellular animals reproducing l‘)Ty germ cells, For further explanation see
text. (Modified from Jennings).

diagram) beginning at the left and passing to the right.
In the A diagram, which represents uniparental reproduc-
tion by fission, the line of ancestry traced back from any
individual at the right is always single, and there is no
corpse to be found anywhere, each present body trans-
forming directly into the two bodies of the next generation.
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In the B diagram, where we have bi-parental reproduc-
tion by the union of germ cells, as in man, the solid black
triangles represent the bodies, or somata, and the lines
the germ cells. A line of ancestry traced back from any
individual towards the right end of the diagram forks
at each generation, and in comparatively few generations
one has a multitude of ancestors. The bodies of one
generation have no continuity with the bodies of the pre-
vious or the following generation. In each generation the
soma dies, while new somata are reproduced by the union
of germ cells from diverse lines.

E. Life itself is a continuum. A break or discontin-
nity in its progression has never occurred since its first
appearance. Discontinuity of existence appertains not
to life, but only to one part of the makeup of a portion
of one large class of living things. This is certain, from
the facts already presented. Natural deathis a new thing
which has appeared in the course of evolution, and its
appearance is concomitant with, and evidently in a broad
sense, caused by that relatively early evolutionary spe-
cialization which set apart and differentiated certain
cells of the organism for the exclusive business of car-
rying on all functions of the body other than reproduc-
tion. We are able to free ourselves, once and for all, of
the notion that death is a necessary attribute or inevitable
consequence of life. It is nothing of the sort. Life can
and does all the time go on without death. The somatic
death of higher multicellular organisms is simply the
price they pay for the privilege of enjoying those higher
specializations of structure and function which have been
added on as a side line to the main business of living
things, which is to pass on in unbroken continuity the
never-dimmed fire of life itself.
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THEORIES OF DEATH

On the basis of these five general classes of facts
which have been briefly reviewed a whole series of specu-
lations as to the meaning of death have been reared. The
first attempt at a biological evaluation* of the meaning
of death which attracted the serious attention of scientific
men wag that of Weismann. In his famous address of 1881
on the duration of life, Weismann propounded the thesis
that death was an adaptation, advantageous to the race,
and had arisen and was preserved by natural selection.
Probably no more perverse extension of the theory of
natural selection than this was ever made. It appeared,
however, just at the time when the post-Darwinian at-
tempt to settle the problems of evolution by sheer dia-
lectic was at the zenith of its popularity. Nowadays such
a doetrine as Weismann’s would not receive so respecetful
a hearing.

Metchnikoff, whose views excited so much popular
interest some years ago, held that death was the result
of intoxieation, arising from the absorption of putrefac-
tive produets of the activity of intestinal bacteria. The
chief diffienlty with this view is that it is demonstrably
not true; either partienlarly in the case of man, where
it can easily be shown that many statistically important
causes of death cannot possibly be acconnted for under
it, or generally in the animal kingdom; beeause a num-
ber of cases are now known where a metazoan form can
be snceessfully made to lead a eompletely aseptic life,
and still death occurs at about the usual time.  (Cf. Chap-
ter VIII). More speculative developments of the same

* An excellent dinenanlon of various theories of de;t.h, which the
writer, though differing from some of the conclusions, has found useful
in the preparation of this section, hus lately been given by Child In his
“Senescence and Rejuvencscence.”
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basic idea have been presented by Jickeli and Montg
ery. Both held that because of the mechanieal incomp
ness of the processes of metabolism, injurious aud
substances tend to accumnlate in the eclls of the b
and that seneseence and death are the resnlts
such acenmulations.

A much broader, and in the light of all facts sow
view, is that the determination of degrees of longe
and of the fact of death itself, is inherent in the ing
hereditarily determined biological coustitntion of th
dividual and the species. This view was exprosse
Johannes Miiller a quarter of a contury ago in hiz P)
ologie, hy Cohnheim forty years later, and has had 1
later adherents. I shall return to a disenssion of it 1y

There have been a number of theories of senese
and death, differing widely in details, but haviug the
point in common of attributing these phenomen
orderly changes with advancing age in the relative
portion of nucleus to protoplasm in the eells of the b
Here may be mentioned, without pausing fo go inte
tailed consideration of their different views, Verw
Miihimann, Richard Hertwig, and Minot,

Another group of hypotheses, all advaneed in
paratively recent times and assoeinted with the name
Kassowitz, Conklin, and Child, are developed about
metabolic aspects of age changes. There is obwery:
decrease in assimilatory capacities of cells with diffu
tiation and age. These metabolic changes nre rega
as fundamentally casual of the phenomena of senese
and death. In this general group of hypotheses w.
belong the views of my colleague, Dr. W. T. Howar

Benediet in a detailed investigation of senilit:
plants reaches the conclusion:
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*that the daration of life is directly linked with the degree of permeability
in that part of the living cell which places it in contact with the universe
abont It, and that as the activities of life proceed the cell is being graduvally
entombed by an inevitable decrease in the permeability of its protoplasm,

While decreasing permeahility furnishes a possible explanation of the
more obvious symptoms of senility, it cannot be the only degeneration of
first rank. All protoplasmic functions must be involved. Underlying these
primary causes of scuile degeneration there must be some general funda-
mental cause from which they spring. This fundamental cause may well
be the colloidal nature of protoplasm.”

Delage and Jennings have considered that death is
the result of differentiation. Jennings has put the matter
in this way......

“the continuity of life in the infusoria is in princlple much like that in
ourselves, though with differences in details. As individuals, the infusorla
do not die, save by accident. Those that we now see under our microscopes
hiwve been llviag ever since the beglnnings of life; they come from division
of previonsly existing individuals. But in just the same gense, it is true
for oursclves that everyoue that is alive now has been alive since the
beginuing of lifo. This trath applies at least to onr bodies that are alive
now; every cell of our bodies is a piece of one or more celis that existed
carlier, and thuas our entire Lbody can he traced in an unbroken chain as
far back luto time ax life goes, The dlfference ls that in man and other
higher organismn there have heen loft all along the way great masses of
colls that did not contlnue to live. These masses that wore out and died
are what we enll the hodies of the persons of earlier generations; but
wir awn bodies are not desrended by cell divislon from these; they are the
continnation of cells that have kept on living and multiplying from the
earlinst times, just as have the existlng infusoria’”

Jenuiugs' views regarding senescence in the protozoa
will be discussed in the next chapter.

Unieellular organisms, as we have seen, do not nor-
mally experience natnral death. In the higher organisms
there has heen a progressive setting apart of cells and
tissues to perform particular vital functions with a con-
sequent loss of the ability to perform all vital functions
independently . Assoon as any one of these cells or tissues
beging, for any aceidental cause whatever, to fail to per-
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form its special function properly, it upsets the delicate
balance of the whole associated community; of cells and tis-
sues. Because of the differentiation and specialization of
function, the parts are mutunally dependent upon each
other to keep themselves and the whole going. Conse-
guently any disturbance in the balance which is not
promptly righted by some regulatory process must even~
tually end in death.

Since the publication of this material in serial form
an objection to the foregoing staternent has been sug-
gested on the ground that differentiation per se does not
appear to the critic to have mmch to do with the question of
natural death in the Metazoa. To quote; ‘‘ratherit is the
failure after differentiation to keep up indefinitely the
state reached. If, from any internal or external accident,
the differentiated part suffers injury, the injury cannot
be made good any more, since in certain organs this power
has been lost. Hence, in time, loss after loss occurs and
the machine wears out. The protozoanis as highly diffex-
entiated as any cell of a metazoan (or much more so) ; but
since it ‘‘multiplies by dividing,’” it has retained the
power to make good any loss. Therefore, it is not the
differentiation per se, but the loss of power to repair
that produces senescence.”’

This seems to me to be in the main only a somewhat
different form of statement of precisely the idea that I
have endeavored to express. When I have used the term
‘““differentiation’’ in this connection, I have always had
in mind, as one of its most important physiological con-
comitants, just the thing spoken of above. Furthermore,
whether the protozoan cell is as highly differentiated as
a metazoan cell, is not to the point at all. TFor, to have
any pertinence so far as the present issue is concerned,
the comparison must be between the differentiated proto-



THE PROBLEM 47

zoan cell, and the whole metazoan soma, not one of its
constitnent cells. In the protozoan, all the differentia-
tions are in and a part of one single cell operating as one
metabolic unit, of small absolute size, and consequently
easier and more labile internal physico-chemical regula-
tion. In the metazoan soma we have organ differentia-
tion, with the constituent cells in each organ highly
specialized functionally, and dependent upon the nor-
mal functional activity of wholly other organs in order
that they may keep going at all. Remove these
tissue cells from the soma, and provide them with an
abundance of suitable nourishment and oxygen, as in
tissue cultures, and, so far as the evidence now available
indicates, they will live forever (cf. Chapter II).

Consider for a moment the most highly differentiated
protozoan known, on the one hand, and man, on the other
hand, purely as physico-chemical machines, which only
keep going if the internal balances and adjustments are,
in each case, held within a narrow zone of normality.
Quite aside from any question of their different modes
of reproduction, the two machines are not equivalent,
as machines, because of :(a) unicellular versus multicel-
lular structure, (b) great absolute difference in size of
the whole machines, with consequent requirement of an
enormously more complex internal regulatory mechanism
in the one case than in the other, whatever the inherent
nature of this mechanism may be.

Essentially the same view of the matter as that
held by the present writer has been well set forth by Loeb
in his most recent paper on the subject. He says:

“All this points to the idea that death is not inherent in the individual
cell, but is only the fate of more complicated organisms in which different
types of cells or tissues are dependent upon each other. In this case it
secms to happen that one or certain types of cells produce a substance or
substances which gradually become harmiful to a vital organ like the res-
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piratory center of the medulls, or that certnin tisnues conswatue or destro;
subatances which are needed fur the life of some vital orgnu. Tl wisehie
of death of complex argunisms may then be trared o the activity of 4
black sheep in the socicty of tissues and organs which enustitute » com
plicated multicellular organism.”

At this point L shall not stay to discuss critically eacl
of the hypotheses so summarily reviewed. Instead, |
shall make bold to state somewhat categorically my own
views on the origin and meaning of death and the deter-
mination of longevity; and in what follows, shall endeavor
to set forth in orderly array the evidence which seems to
me to support these views. In this process, the relations
of what I shall suggest to the conclusions of earlier inves.
tigators will, I think, sufficiently appear.

Let us consider, then, the following picture of life
and death:

1. Life itself is inherently continuous,

2. Living things, whether single-celled or many-
celled organisms, are essentially only physico-chemical
machines of extraordinary complexity ; but regardless of
their degree of complexity only amenable to, and
activated in accordance with, physical atid chemical lnws
and principles.

3. The discontinuity of death is not a necessary or
inherent adjunct or consequence of life, but ix a rela-
tively new phenomenon, which appeared only when and
because differentiation of structure and funection appeared
in the course of evolution.

4. Death necessarily occurs only in such somats of
multicellular organisms as have lost, through differentia-
tion and specialization of funection, the power of repro-
ducing each part if it, for any accidental reason breaks
down or is injured; or still possessing such power in their
cells, have lost the necessary mechanism for separating a
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part of the soma from the rest for purposes of agamic
reproduction.

5. Somatic death results from an organic disharmony
of the whole organism, initiated by the failure of some
organ or part to continue in its normal harmonious fune-
tioning in the entire differentiated and mutually depend-
ent system. This functional breakdown of a part may
be caused in a multitude of ways from external or internal
gources. It may manifest itself in a great variety of
ways both structurally and functionally. Many of these
manifestations which have been regarded as caunses of
gsenescence, may more truly be considered concomitant
attributes of senescence.

6. As a consequence of our second thesis which postu-
lated life to be a mechanism, death, whether of a single
somatic cell or of a whole soma, is a result of physico-
chemical changes in the cell or organism; and these
changes are in accordance with ordinary physico-
chemical laws and principles.

7. The time at which natural death of the soma oceurs
is determined by the combined action of heredity and
environment. For each organism there is a specific long-
evity determined by its inherited physico-chemical con-
stitution. This specific longevity is capable of modifica-
tion, within relatively narrow limits, as a result of the
impact of environmental forces; the chief mode of action
of the environment being in the direction of determining
the rate at which the inherited endowment is used up.

For no one of the separate clements of this picture can
I claim any particular originality. Most of them would
probably be agreed to at once, at least by some biologists.
The need is for a synthesizing into a consistent whole of
a wide range of data, which have accumulated in various

4
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fields of biology, sbout death and the duration of life,
Such a synthesis will be attempted in what follows.
Generally, those who have speculated about the biology
of death have drawn their evidence from, or at least had
their thinking largely colored by the facts in a relatively
small part of the whole field. In particular, few biologists
have any detailed knowledga of the most impressive
mass of material, both in respect of quality and quantity,
which exists regarding the duration of life of any organ-
ism. I refer, of course, to the enormous velume of
rather exaet data regarding human mortality. Mueh of
this material, to be sure, wants proper analysis, not
only mathematical but bhiological. But, that it is a rich
material admits of no doubt.



CHAPTER 11
CONDITIONS OF CELLULAR IMMORTALITY

Ix the preceding chapter it was pointed out that the
germ cells of higher organisms are potentially, and under
certain conditions in fact, immortal. What are the con-
ditions of immortality in this case? Are they such as
to support the thesis that the processes of mortality are
essentially physico-chemical in nature, and follow
physico-chemical laws?

ARTIFICIAL PARTHENOGENESIS

The most essential condition of this immortality of
germ cells was mentioned, but not particularly empha-
sized. It is that two germ cells, an ovum and a spermato-
zoon umte, the process of union being called fertilization.
Having united, if they then find themselves in appro-
priate environmental conditions, development goes on;
new germ cells and a soma are formed, and the same
process keeps up generation after generation. Now, while
union of the germ cells is generally and in most organisms
an essential condition of this process, it is also true that
in a few forms of animal life, mostly found among the
invertebrates, development of the ovum can take place
without any preceding fertilization by a spermatozoon.
The process of reproduction, in this case is called par-
thenogenesis. In a number of forms in which partheno-
genesis never oceurs normally, so far as is known, it can
be induced by appropriate extraneous procedures. The
discovery .of this extraordinarily interesting and impor-
tant fact for a number of organisms, and the careful
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working out of its physico-chemical hasis, we owe to Dr.
Jacques Loeb, of the Rockefeller Tnstitute for Medieal
Research. Artificial parthenogenesis may be indneed,
as Guyer, Bataillon and Loeb have showmn, even in so
highly organized a creature as the frog, and the animal
may grow to full size. The frogs shown in Figure 12, while
they present an appearance much the same as that of
any other frog of the same species, differ in the rather
fundamentally important respect that they had no father.

The role of a father was played in these cases by an
ordinary dissecting necedle. Unfertilized eggs from a
virgin female were gently pricked with a sharply pointed
needle. Thisinitiation of the process of development took
place March 16, 1916, in one case, and February 27, 1917,
in the other. The date of death was, in the first case, May
22, 1917, and in the other March 24, 1918.

In the course of Loeb’s studies of parthenogenesis in
lower marine invertebrates, he became interested in the
question of the death of the germ cells which had failed
to unite, or, having united, failed of appropriate envi.
ronmental conditions. His researches throw light on some
of the conditions of cellular death, and on that account
they may be reviewed briefly here. IIe found that the
unfertilized mature eggs of the sea-urchin die compara-
tively soon when deposited in sea-water. The same oggs,
however, live much longer, and will, if appropriate sur-
rounding conditions are provided, go on and develop an
adult organism, if they are caused to develop artificially
by chemical means or naturally by fertilization. Loeb
concluded from this that there are two processes going
on in the egg. He maintained, on the one hand, that there
are specific processes leading to death and disintegration;
and, on the other hand, processes which lead to cell divi-
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sion and further development. The latter processes may
be regarded as inhibiting or modifying the mortal pro-
cess. Loeb and Lewis undertook experiments, based
upon this view, to see whether it would be possible by
chemical treatment of the egg to prolong its life. Since
in general specific life phenomena are perhaps, on the
chemical side, chiefly catalytic phenomena, it was held
to be reasonable that if some substance could be brought
to act on the egg, which would inhibit such phenomena
without permanently altering the constitution of the
living material, the life of the cell should be considerably
prolonged. The first agent chosen for trial was potassium
cyanide, KCN. It was known that this substance weakened
or inhibited entirely a number of enzymatic processes in
living material, without materially or permanently alter-
ing its structure.

It was found that, normally, the unfertilized egg of the
scea-urchin would live in sca-water at room temperature,
and maintain ifself in condition for successful fertiliza-
tion and development, up to a period of about twenty-three
hours. After that time the eggs began to weaken. Kither
they conld not be successfully fertilized, or if they were
fertilized, development only went on for a short time.
After 32 hours, the eggs could not, as a rule, be fertilized
at all. The experiment was then tried of adding to the
sea-water, in which the unfertilized eggs were kept,
small amounts of KCN in a graded series, and then exam-
ining the results of fertilizations undertaken after a stay
of the unfertilized eggs of 75 hours in the solution. It
will be noted that this period of 75 hours is more than
three times the normal duration of life of the cell in
normal sea-water. The results of this experiment are
shown in summary form in Table 4.
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TABLF: 4

Experiments of Locb and Lewis on the Prolongation of Life of the Sra-urchin
Egg by KON

Concentration of Result of fertilizntion nfter 6 75 Lhours® stay
KCN in the solation

Pure sca-water No egg seganents

n/64000 KCN No egg segments

u/16000 KON No egg segments

n/8000 KCN Very few cggs show u beginmiug of nege
mentution

n/4000 KCN Vary few eggs show n Dbeginuing of sege
mentation

n/2000 KON Few eggs go through the carly stages of
segpuentatinng

n/1000 K2 Mauy eggs segient and develop into wwim.
ming larva:

n/750  KCN Muny eggs segiment and develap into swim.
ming Inrva

n/400 KCN A few egis develop into swinuning lurvae

n/300 KCN No rgg seginents

n/250 KCN No egg segmenty

n/200 KON No egg segmats

n/100 KON No ey seginents

e, e a1 ot 2 1 S vt

From this table it is seen that iu eoncentrations of
KCN from n/750 to n/1000 the eggs developed perfectly
into swimming larvae. In other words, by the addition
of this very small amount of KON, the life period has
been prolonged to three times what it would normally
be under the same enviroumental conditions. (Coneen-
trations of KCN weaker than n/1000 were incapable of
producing this result, or at hest, if development started,
the process came very quickly to an end. In stronger
concentrations than n/400 the eggs were evidently poi-
soned, and no development oceurred.

Other experiments of Loeb’s show that the lethal
effects of various toxic agents upon the egg cell may be
inhibited or postponed for a relatively long time, by
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suitable chemical treatment, such as lack of oxygen, KCN,
or chloral hydrate. A typical experiment of this kind
made upon the sea-urchin, Strongylocentrotus purpuratus
may be quoted:

Eggs were fertilized with sperm and put eleven minutes later into
three flasks, each of which contained 100 c. c. of sea-water + 16 c. c. 2-%
m CaCl,. One flask was in contact with air, while the other two flasks
were connected with a hydrogen generator. The air was driven out from
these two flasks before the beginning of the experiment. The eggs were
transferred from one of these flasks after four hours and fourteen minutes,
from the second flask after five hours and twenty-nine minutes, into normal
(aerated) sea-water. The eggs that had been in the hypertonic sea-water
exposed to air were transferred simultaneously with the others into
separate dishes with aerated normal sea-water. The result was most
striking. Those eggs that had been in the hypertonic sea-water with air
were all completely disintegrated by black cytolysis.” Ten per cent.
of the eggs had been transformed into “shadows” (white cytolysis). It
goes without saying that all the eggs that had been in the aerated hyper-
tonic sea-water five and a half hours were also dead. The eggs that had
been in the same solution in the absence of oxygen appeared all normal
when they were taken out of the solution, and three hours later—the
temperature was only 15°C.—they were all, without exception in a per-
fectly normal two- or four-cell stage. The further development was also
in most cases normal. They swam as larve at the surface of the vessel
and went on the third day (at the right time) into a perfectly normal
pluteus stage, after which their observation was discontinued. Of the
eggs that had been five and a half hours in the hypertonic sea-water
deprived of oxygen, about 90 per cent. segmented.

Let us consider one more illustration from Loeb’s
work in this field. Normally, in the forms with which
he chiefly worked, sea-urchin, starfish, and certain mol-
Iuses, an absolutely essential condition for the continua-
tion of life of the germ-cells after they are discharged
from the body is that two cells, the ovum and the sper-
matozoon, shall unite in normal fertilization. Put in
another way, parthenogenesis does not normally occur in
these forms. Fertilization is an essential condition for
the continuation of life and development. But Loeb’s
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painstaking and brilliant researches, extending over a
number of years, show that when we say that fertilization
is an essential condition for the continued life of the
germ-cells outside the body, our language tends to ob-
scure the most important fact, which is simply that for
the continnation of life in these cells only certain internal
physico-chemical conditions and adjustments must be
realized. It makes no essential difference to the result
whether these conditions are realized through the
intervention of the sperm, as in normal fertiliza-
tion, or by purely artificial chemical methods initiated,
controlled and directed at every step by human agency.
We can, in other words, regard all cases of suc-
cessful artificial parthenogenesis as fundamentally a con-
tribution to the physiology of natural death, and a demon-
stration of its essentially mechanistic basis. The condi-
tions of continned existence are physical and chemical,
and controllable as such. The methods finally worked out
as optimum afford a complete demonstration of the thesis
we have just stated. Thus, for example, the unfertilized
egg of the sea-urchin, Strongylocentrotus purpuratus,
will continue in life and develop perfectly normally if it
is subjected to the following treatment: The eggs are
first placed in sea-water to which a definite amount of
weak solution of butyric acid has been added (50 cc. of
sea-water 4 2.8 c.c. n/10 butyric acid). In this solution
at 15° C. the eggs are allowed to remain from 114 to 3 or
4minutes. They are then transferred to normal sea-water,
in which they remain from 15 to 20 minutes. They are
then transferred for 30 to 60 minutes at 15°C. to sea-water
which has had its osmotic pressure raised by the addition
of some salts (50 c.c. of sea-water+8 c.c. of 225 m NaCl, or
214 m NaCl4+KCL+CaCl, in the proportion inwhich these
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salts exist in sea-water). After the stay of from 30 to 60
minutes in this solution, the eggs are transferred back to
normal sea-water, the transferring being in batches at
intervals of 3 to 5 minutes between each bateh transferred.
It is then found that those eggs which have been just the
right length of time in the hypertonic sea-water develop
into perfectly normal sea-urchin larve. In other words,
we have here a definite and known physico-chemical pro-
cess completely replacing what was, before this work,
universally regarded as a peculiarly vital process of
extraordinary complexity, Pprobably beyond power of
human control.

These three examples from Loeb’s work on the sub-
ject of prolongation of life in the egg cell will suffice for
our present purposes. The lesson which they teach is
plain, and is one which has, as will be readily perceived,
a most important bearing upon the general concept of
life and death outlined in the preceding chapter. The
experiments demonstrate that the conditions essential to
continued life of the germ-cells outside the body are phy-
sico-chemical conditions, and that when these cells die it
is because the normal physico-chemical machinery for the
continuation of life has either broken down, or has not
been given the proper activating chemical conditions.

Lack of space alone prevents going in detail into an-
other extremely interesting and important development
of this subject, due to Dr. Frank R. Lillie of the Univer-
sity of Chicago. He has, in recent years made a thorough
analysis of the biological factors operating when the egg
of the sea-urchin is normally fertilized by a spermato-
zoon. The conception of the process of fertilization to
which Lillie cornes is ‘“that a substance borne by the egg
(fertilizin) exerts two kinds of actions: (1) an agglatin-
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ating action on the spermatozoon and (2) an activating
action on the egg. In other words, the spermatozoon is
conceived, by means of a substance which it bears and
which enters into union with the fertilizin of the egg, to
release the activity of this substance within the egg.”’
From the standpoint of the present discussion it is ob-
vious that Lillie’s results so far present nothing which
in any way disturbs the conclusion we have reached as
tothe essentially physico-chemical nature of the processes
which condition the continuation of life and development
of the egg.

TISSUE CULTURE IN VITRO

Let us turn now to another question. Are the germ-
cells the only cells of the metazoan body which possess
the characteristic of potential immortality? There is
now an abundance of evidence that such is not the case,
but that, on the contrary, there are a number of cells and
tissues of the body, which, under appropriate conditions,
may continue living indefinitely, except for the purely
accidental intervention of lethal circumstances. Every
child knows that all the tissues do not die at the same time.
It is proverbial that the tail of the snake, whose head and
body have been battered and crushed until even the small
boy is willing to admit that the job of killing is complete,
““will not die until the sun goes down.’”’ Galvani’sfamous
experiment with the frog’'s legs only succeeded because
sorne parts survive after the death of the organism as
a whole. As Harrison points out ¢ Almost the whole of
our knowledge of muscle-nerve physiology, and much of
that of the action of the heart, is based upon experiments
with surviving organs; and in surgery, where we have to
do with changes involved in the repair of injured parts,
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including processes of growth and differentiation, the
power of survival of tissues and organs and their trans-
plantability to strange regions, even to other individuals,
has long formed the basis of practical procedures.’’

The first successful cultures of somatic cells and tis-
sues outside the body were those of Leo Loeb, described
in 1897. His first method consisted in cultivating the
tissues in appropriate media in test tubes. Later he used
also another method, which involved the transplantation
of the solid medium and the tissue into the body of an-
other animal. What has been regarded as a defeet of
both these methods is that they do not permit the contin-
ued observation of the cells of the growing cultured tissue.
To Harrison is due the development of a method which
does permit such study. In 1907 he announced the dis-
covery that if picces of the developing nervous system of
a frog embryo were removed from the body with fine
needles, under strictly aseptic precautions, placed on a
gterile cover slip in a drop of frog lymph, and the cover
slip then inverted over a hollow glass slide, that the tis-
sues would remain alive for many days, grow and exhibit
remarkable transformations. By this technique it was
possible to study the changes with a high power miero-
scope and photograph them.

Figure 13 is a general view of one of these tissue cul-
tures two days old. It shows a piece of nervous tissue
from the frog embryo, with cells growing out from it
into the lymph. The lighter portions are the new cells.
In his remarkable monograph Harrison shows nerve
cells developing fibers at first thickened, but presently
becoming of normal character and size. At the énds are
pseudopodial processes, by which the growing fiber at-
taches itself to the cover slip or other solid bodies. Fig-
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ure 14 shows a particularly beautiful nerve fiber prepar
ation made by Burrows.

The fibers grew from a preparation of the embryuni
nervous system of the chick. There can be no doubt, a4
these figures so clearly show, of the life of these eells
outside the body, or of the normality of their develop
mental and growth processes.

Under the guidance of larrisen, another worker
Burrows, improved the techuigque of the enltivation of
tissues outside the body, first by using plasma from th
blood instead of lymph and later in various other ways
He devised an apparatus for affording the tissue culturg
a continuous supply of fresh nutrient medinm. There it
in this apparatus a large culture chamber which takes
the place of the plain hanging drop in an hermetically
sealed cell. On the top of this culture chamber there i
a wick, which carries the culture fluid from n supplying
chamber and discharges it into a reeeiving chambur. Th
tissue is planted among the fibers of the wick, which ar
pulled apart where it crosses the top of the chamber
The whole system is kept sterile and 8o arranged thal
the growing tissue can be kept under observation witl
high powers of the microscope. The nutrient mediun
may be modified at will, and the effects of known sub
stances upon the cellular activities of every sort maj
be studied. |

Burrows began his investigations in this field on t
tissues of the embryo chick. With the success of th
cultures was established the fact that the fissues of 4
warm blooded animal were as capable of life, davelopl
ment, and growth outside the body as were those of cold
blooded animals, such as the frog. Burrows succeedel
in cultivating outside the body, cells of the central nervou
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system, the heart, and mesenchymatous tissue of the
chick embryo. At the same time Carrel was carrying
on studies in this same direction at the Rockefeller In-
stitnte. In his laboratory were made the first successful
cultures in vitro of the adult tissues of mammals. He
developed a method of culture on a plate which permitted
the growing of large quantities of material. He found
that almost all the adult and embryonic tissues of dog,
cat, chicken, rat, guinea pig, and man could be cultivated
in vitro. Figure 15 shows a culture of human tissue,
made at the Rockefeller Institute. I am indebted to
Doctor Carrel and Doctor Ebeling for permission to pre-
sent this photograph here.

According to the nature of the tissues cultivated, con-
nective or epithelial cells were generated, which grew out
into the plasma medium in continuous layers or radiating
chains. Not only could normal tissues be cultivated but
also the cells of pathological growths (cancer cells).
It has been repeatedly demonstrated that normal cell
division takes place in these tissues cultivated outside the
body. The complex process of cell division, which is
technically called mitosis, has been rightly regarded as
one of the most characteristic, because complicated and
unique, phenomena of normal life processes. Yet this
process oceurs with perfect normality in cells eultivated
outside the body. Tissues from various organs of the
body have been successfully cultivated, including the
kidney, the spleen, the thyroid gland, ete. Burrows was
even able to demonstrate that the isolated heart muscle
cells of the chick embryo can divide as well as differen-
tiate, and beat rhythmically in the culture medium.

Perhaps even more remarkable than the occurrence
of such physiological activity as that of the heart muscle
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cells in vitro is the fact that in certain lower forms of life
a small bit of tissue or even a single cell, may develop in
culture into a whole organism, demonstrating that the
capacity of morphogenesis is retained in these isolated
somatic cells. H. V. Wilson has shown that in coclenter.
ates and sponges complete vew individuals may develop
wn vitro from igolated cells taken from adult animals.
By squeezing small bits of these animals through bolting
cloth he was uble to separate small groups of cells or
even single cells. In culture these would grow into small
masses of cells which would then differentiate slowly into
the normal form of the complete organism. Figure 16
shows an example of this taken from Wilson’s work.

It was carly demonstrated by Carrel and Burrows
that the life of the tissues in vitro, which varied iu differ-
ent experiments from 5 to 20 days, could be prolonged by
a process of successive transfers of the culture io an
indefinite period. Cells which were nearing the end of
their life and growth in one enlture need only be trans-
ferred to a new culture medinm to keep on growing and
multiplying. Dr. and Mrs. Warren . Lewis made the
important discovery that tissues of the chick embryo
could be cultivated outside the body in purely inorganic
solutions, such as sodium chloride, Ringer’s solution,
Locke’s solution, etc. No growth in these inorganic cul-
tures took place without sodinm chloride. (Growth was
prolonged and increased by adding caleium and potas-
sium. If maltose or dextrose, or protein cleavage pro-
ducts were added proliferation of the cells inereased.

By the method of transfer to fresh nutrient media,
Carrel has been able to keep cultures of tissue from the
heart of the chick embryo alive for a long period of
years. In a letter, recently received, he says: *‘‘The
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strain of connective tissue obtained from a piece of chick
heart is still alive, and will be nine years old the seven-
teenth of Janmary, 1921.”” Figure 17 is a photograph
showing the present condition of this culture. It shounld
be understood that this long continued culture has gone
on at body temperature in an incubator, and not by keep-
ing the culture at a low temperature and merely slowing
down the vital processes.

This is indeed a remarkable result. It completes the
demonstration of the potential immortality of somatic
cells, when removed from the body to conditions which
permit of their continued existence. Somatic cells have
lived and are still living outside the body for a far longer
time than the normal duration of life of the species from
which they came. I think the present extent of Carrel’s
cultures in time fully disposes of Harrison’s criticism
to the effect that we are ‘“‘not justified in referring to
the cells as potentially immortal or even in speaking
of the prolongation of life by artificial means, at least
not until we are able to keep the cellular elements alive
in cultures for a period exceeding the duration of life
of the organism from which they are taken. There is
at present no reason to suppose this cannot be- done, but
it simply has not been done as yet.”’ I have had many
years’ experience with the domestic fowl, and have par-
ticularly studied its normal duration of life, and discus-
sed the matter with competent observers of poultry. I
am quite sure that for most breeds of domestic poultry
the normal average expectation of life at birth is not
substantially more than two years. For the longest
lived races we know this normal average expectation
of life cannot be over four years. I have never been able
to keep a Barred Plymouth Rock alive more than seven
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years. There are on record tustances of fowls living to
as many as 20 years of age. But these are wholly excep-
tional instances, unquestionably far rarer than the oceur-
rence of centenarians among human beings. There can
be no question that the nine years of life of Carrel’s
culture has removed whatever validity may have origin-
ally inhered in Harrigson’s point. And further the cul-
ture is just as vigorous in its growth today as it ever
was, and gives every indication of being able to go on
indefinitely, for 20 or 40, or any desired number of years.

The potential immortality of somatic cells has been
logically just as fully demonstrated in another way as
it has by these tissue cultures. Some nineteen years ago,
Leo Loeb first announced the important discovery that
potential immortality of somatic cells could be demon-
strated through tumor transplantations. IHis latest sum-
mary of this work may well be quoted here:

“We must remember that common, transplantable tumors are the direct
descendants of ordinary tissue cells, such as we normslly find in the
individuals of the particular species which we use. The tumors may be
derlved from a varlety of normsl tissues and, In general, the transfor.
mation from normal cells into tumor cells takes place under the influence
of & long contlnued nctlon of various factors enhunecing growth. Tumor cells
are, therefore, merely somatic cells which have geined an increased growth
energy and at tho same time somehow gained, in sume cases, the power to
escape the destructlve consequences of homoiotuxine. This ability of cer.
tain tumors to grow in other individusls of the smme species has enabled
us to prove, through apparently endless propagation of these tumor cells
in other individuals, that ordinary somstic cells possess potentis! im.
mortality in the same sense in which protozow and germn cells possess
immortality. Thus tumor transplantation msde possible the establishment
of & fact of great biologlcal interest, which, because of the homolosensitive-
ness of normal tissues, could not be shown in the latter,

“We wish, however, especially to emphusize the fuct that our experl-
meuts did not merely prove the lmmortality of tumor cells, but of the
ordinary tlssue cells as well, the large majority or all of which can be
transformed into tumor cells. At an early stage of our investigmtions
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we drew, therefore, on the basis of these experiments, the conclusion that
ordinary tissne cells are potemtially immortal; notwithstanding the fact
that, especially under Weismann’s influence, the opposite view liad been
generally accepted, and as it geems to us, with full justification, inasmuch
28 no facts were known at that time which suggested the immortality
of somatic cells. It was the apparently endless transplantation of tumor
cells which proved the contrary view,

“To recapitulate what we stated above: tumors are merely transformed
tissue cells. All or the large majority of adult tissues are potential tumor
cells. Tumor cells have been shown experimentally to be potentially im-
mortal, therefore tissue cells are potentially immortal.

* This wider conclusion I expressed nincteen years ago. Qulte recently,
the immortality of certain connective tissue cells has been demonstrated
by Carrel through in vitro culture of these celis. Uander those conditions
the tissue cells escape the mechanisms of attack to which the homolotoxins
expose the ordinary tissue cells in other individuals of tlie same species.
Under these conditions the reactions of the host tissue against homoiotoxins
which would have taken place in vivo, are eliminated. We must, however,
keep in mind that this method of proving the immortality of somatic cells
applies only to one ps.rtncular, very favorable kind of cells; and it is very
doubt(ul, if, by cultivation in vitro, the same proof could be equally well
supplied in the case of other tissues. On the basis of tumor transplanta.
tions, on the contrary, we were alle to show that a considerablo varlety,
perhaps the large majority of all tiswue cells possess polential immortality.”

To Loeb unguestionably belongs the credit for first
perceiviug that death was not a necessary inheront con-
sequence of life in the somatic cell, and demounstrating by
actual experiments that somatic cells could, under cer-
tain conditions, go on living indefinitely.

Before turning to the next phase of our discussion,
let us summarize the ground we have covered up to this
point. We have seen that by appropriate control of
conditions, it is possible to prolong the life of cells and
tissues far beyond the limits of longevity to which they
would attain if they remained in the multicellular body
from which they came. 'This is true of a wide variety
of cells and tissues differentiated in various ways. In-
deed, the range of facts which have been ascertained

5
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by experimental work in this ficld, probably warrantg
the coneclusion that this potential longevity inheres in
most of the different kinds of cells of the metazoan body,
except those which are extremely differentiated for par.
tieular functions. To bring this potential immortality
to actuality requires, of course, special counditions in
each particular case. Many of these special conditions
have already been discovered for particular tissnes and
particular animals. Doubtless, in the fature many more
will be worked out. We have furthermore scen that in
certain cases the physico-chemical nature of the condi-
tious necessary to insure the continuance of life has been
definitely worked out and is well nderstood.  Again
this warrants the expectation that, with more cextended
and penetrating imvestigations in a field of research
which is really just at its beginning, we shall understand
the physics and chemistry of prolongation of life of cells
and tigsues in a great many cases where now we know
nothing about it.

One further point and we shall have done with this
phase of our discussion. The experimental eulture of
cells and tissues in vitro has now covered practically all
the essential tissue clements of the metazoun botly, even
including the most highly differentiated of those tissues.
Nerve cells, muscle cells, heart muscle colls, gpleen eells,
connective tissue cells, epithelial eells from various loca-
tions in the bady, kidney cells, and others have all been
successfully cultivated in vitro. We may fairly say, 1 be-
lieve, that the potential immortality of all essential eel.
lular elements of the body either has been fully
demonstrated, or else has been earried far enough to
make the probability very great that properly conducted
experiments would demonstrate the continuance of the
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life of these cells in culture to any definite extent. It
is not to be expected, of course, that such tissues as hair,
or nails, would be capable of independent life, but these
are essentially unimportant tissues in the animal econ-
omy as compared with those of the heart, the nervous
system, the kidneys, etc. What I am leading to is the
broad generalization, perhaps not completely demon-
strated yet, but having regard to Leo Loeb’s work, so
near it as to make little risk inhere in predicting the
final ontcome, that all the essential tissues of the meta-
zoan body are potentially immortal. The reason that
they are not actually immortal, and that multicellular
animals do not live forever, is that in the differentiation
and specialization of function of cells and tissues in the
body as a whole, any individual part does not find the
conditions necessary for its continned existence. In
the body any part is dependent for the necessities of its
existence, as for example nutritive material, upon other
parts, or put in another way, upon the organization of
the body as a whole. It is the differentiation and spe-
cialization of function of the mutually dependent aggre-
gate of cells and tissues which constitute the metazoan
body which brings about death, and not any inherent or
inevitable mortal process in the individual cells them-
selves.

An examination of different lines of evidence has
led us to two general conclusions, viz:

a. That the individual cells and tissues of the body,
in and by themselves, are potentially immortal.

b. That death of the metazoan body occurs, funda-
mentally, because of the way in which the cells and tis-
sues are organized into a mutually dependent system.

Is there any further and direct evidence to be had
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upon the second of these conclusions? So far our evi-
dence in its favor has been indireet and inferential,
though cogent so far as it goes. Tn this conneetion, a
paper of Friedenthal's is of considerable interest. e
sliows that there is a marked correspondence between the
longevity of various species of animals and a constant
of organization which lie calls the ““cephalisation factor.”’
This cephalisation factor in pure form, in his sense, is
given by the cquation.

Cephalisation factor ]l‘:::::; :;t::}:t)f Lty protoplam,

Now “total mass of by profoplasm,’’ as distinet from
supporting struetures, such as hone ele, is obviously
diffieult to determine direetly. But Friedenthal is well
convinced that, to a first approximation, the cephalisa-
tion factor may be writfen in this way:

_Brain woight

* (Body weight) >

Computed upon the latter basis he sets up tables of the
relation between cephalisation factor and longevity for
mammals and for birds. It is not necessary to repro-
duce here the long tables, but to show the general point,
the following table for five selected species of mammals
will suffice:

Cephalisation factor -

TABLE 5
Relation between the cephalisation factor and longevily (Friedenthal)

Hpeclos Cephalisation index Durstion of Lfe
Moiise 0.045 6 yours
Rabbit L0846 8 yoars
Maurmoset (Callithriz) .216 12 yours
Deer .35 15 yenrs
Man 2.7 1O yenrs

There appears in this short selected table a defect
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which is even more apparent in his long ones, namely,
that the figures for duration of life are distinctly round
numbers. There is no evidence, for example, that the
normal life span of the mouse is 6 years. All who have
statistically studied the matter agree upon a much smal-
ler figure than this. But, leaving this point aside, it is
apparent that there is a parallelism of striking sort be-
tween the cephalisation factor and duration of life. In
other words, it appears that the manner in which higher
vertebrates, at least, are put together in respect of the
proportionality of brain and body is markedly associated
with the duration of life. It would be a matter of great
interest to see whether this correlation between relative
brain-weight and the expectation of life holds intra-
racially as well as it does inter-racially. The bearing of
these results of Friedenthal’s upon our results as to the
distribution of mortality upon a germ-layer basis, to be
discussed in. Chapter V ¢nfra, is obvious.

Another possible illustration of the general point
now under discussion may be found in some recent work
of Robertson and Ray. These authors, in a recent paper,
have analyzed the growth curves of relatively long-lived
mice as compared with the curves shown by relatively
short-lived individuals. In the experiment both groups
were subjected to the same kind of experimental treat-
ment of various sorts, and the care with which the experi-
ments were conducted in respect of control of the
environmental factors renders the results highly inter-
esting and valuable. The long-lived animals form a groum
which grows more rapidly in early life, and at the same
time is less variable than the short lived group. The
short-lived animals often grow much more rapidly in
later life than the long-lived, but this accretion of tissue
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was found to be relatively unstable.. They further found
that the long-lived animals represent a relatively stable
group, highly resistaut to external disturbing factors,
and showing a more or less marked but not invariable
tendency to early overgrowih and relative pancity of
tissue aceretion in late life. The short-lived animals are
on the conirary relatively unstable, sensitive to external
disturbing factors, and, as a rule, but not invariably, dis-
play relatively deficient early growth and a tendency to
rapid aceretion of tissue in later life.

In interpreting these resulis, Robertson and Ray be-
lieve that the differences are based upon the fact that
in early or embryonie life the ontstanding characteristic
of the tissues is a high proportion of cellular elements,
whereas in old age there is o marked inerease in connective
tissues. They further point out that connective tissue
elements are ultimately dependent upon cellular tissues
for their support, and that the conuective fissues are
expensive to maintain. They believe that the reason that
the substance tethelin (of. Chap. VII1 infra) prolongs life
is because it accelerates the metabolism of the cellular
clernents to the detriment of the connective tissue ele-
ments.  Longevity ou this view is determined not by the
absolute mass of living substance, but by the relative
proportions of parenchymatous to sclerous tissues,

HENESBCENCE

The facts presented in this and the preceding chapter
clearly make it necessary to review with some care the
current conception of senescence. Senescence, or grow-
ing old, is cormmonly considered to be the necessary prel-
ude to ““natural,”’ as distingnished from aceidental death.
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8 the evidence really sound and complete that such
> fact?
careful and unprejudiced examination will inevi-
suggest to the open mind, I think, that much of the
ing literature on senescence is really of no funda-
al importance, because it has unwittingly reversed
rue sequential order of the causal nexus. If cells
arly every sort are capable, under appropriate con-
a8, of living indefinitely in undiminished vigor, and
ogical normality, there is little ground for postu-
g that the observed senescent changes in these cells
v in the body, such as those described by Minot and
‘8, are expressive of specific and inherent mortal
:88es going on in the cells; or that these cellular pro-
8 are the cause of senescence, as Minot has concluded.
hat there is such a phenomenon as seneseence is, of
se, certain. Tt is observable both in Profozoa and
‘etazoa. The recal question, however, is a twofold
viz: (a) is senescence in either Protozoa or Metazoa
evitable consequence of the strain or the individual
ag hived; and (b) is sencscence a necessary asso-
and forerunner of natural death?
et us briefly reconsider the facts. In Protozoa a
ing down of the division rate in culture has been
1ently observed; and it has heen held, first, that
is a phenomenon essentially homologous to scnes-
3> in the metazoan; and second, that if nuclear
ganization, by the way ecither of endomixis or of
agation, did not occur that the strain would die out.
ed, Jennings, in discussing the matter in his last
says:

Thus it appears that in these organisms nature has employed the
d of keeping on hand a reserve stock of a material essential to
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life; by replacing at intervals the worn ont materind with this reserve,
the unimals are kept in a state of perpetual vigor: aot, as Individuals,
growing old or dying s natural death. Nevertheless, n wearing out pro.
cesn, such an might be ealled getting old, deen oceur in the stractures
employed in the active faactions of life, anl these munt be replaced after
a time of service. 8o far an the eonditions in these sryaniams are typieal,
deterioration and death do apperr to be & conzequencr of fall and active
lifo; life curries within itself the seeds of death. It is not mating with
auother individunl that avoids thls ends but replavenent of tbe worn
muterial by a reserve. .. ... The great many of cells mibject to death in the
higher animals dwindles in the fnfasorian to the macronnelem this alone
represents o corpse, But the dissolutinn of this corpae ocenrn within
the living body. It much resembles such o process as the wastisg away
and destructlon of minate purts of our own lxulies, which we knaw ia
taking place at all thmes, sud which does not interrupt the life of
the individanal.”

It is doubtful if this position is warranted. Since
Jeunings wrote the statement quotwl, some new and
pertinent data have appeared in regard to amieronu-
cleate infusoria. Woodruff and his co.workers have
shown that such races may oceur rather commonly. Thns
Woodruff, in 1921, says:

“Durlng the past year, the isolation for certain experimenta of 14
“wild” lines representing 6 species of hypotrichous eilistes revealed 7 linea
(4 specien) with mivronnclei aud 7 Hnes (2 apevien) without morphological
micronuelei.  Ten of the lines wore all ixolated from a “'wild” mass culturs
of the suune species Urostyle grandin, found in a labhoratory aquarium.
Bix of these lnes were amicronueleate, Al of the Lnes of alt of the
species have bred triae with respeet to the character in question, and one
smicronucleate lne at prenent in at the 102d generation.

Similarly & enlture of Paramecium caudatum, which the present writer
supplied & yoar ago to 8 course in protozoilogy for the study of the nucleus,
failed to reveal a micronucleus, although in other races the micronucleuns
was reedily demonstrated.”

Now, since it is the micronucelens which furnishes for
the process of endomixis the *‘reserve stock of # material
essential to life’” which Jennings discusses, it is plain
that the existence of amicronucleate races of Protozoa
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at once puts a new face npon the whole matter. Dawson
has studied in continued culture one of these amicronu-
cleate races of Ozytricha hymenostoma Stokes. His con-
clusion is as follows:

“The existence of a form which not only apparently may live indefi-
nltely without conjugation, autogamy, or endomixis (assuming the possi-
bility of the latter phenomenon in an hypotrichous form), but also
apparcntly docs not possess the ability to undergo any of these phenomena,
brings to light an entircly new possibility in the life history of ciliates.
It has been proved quite conclusively, (Woodruff, ’14), that in forms
which ordinarily conjugate, the continued prevention of this process brings
about no loss of viability if a favorable environment be provided. How-
ever, in the organism under consideration there is apparently no possi-
bility not only of conjugation or endomixis, but also of autogamy; and
thus we have from another source crucial evidence that none of these
phenomena is an indispensable factor in the life-history of this hypo-
trichous form.” '

In the light of these clean cut and definite results
one is more disposed than was formerly the case to
accept at their face value the results of Enriques with
Glaucoma pyriformis, and those of Hartmann with
FEudora elegans, in which reproduction went on indef-
initely with undiminished vigor and no evidence of any
process comparable to endomixis.

Altogether, it seems to me that the weight of the evi-
dence now is that in the Protozoa, sencscence (or death),
is not a necessary or incvitable consequence of life.
Given the appropriate and necessary conditions of envi-
ronment, true immortality—the absence of both senes-
cence and natural death, cach defined in the most critical
manner—is in fact the reality for a number of forms.

Turning to the metazoan side of the case, the evidence
regarding senescence is equally cogent. In the first place,
in the longest continued in vitro tissue cultures known
(those of Carrel) there is, as already stated, no appear-
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ance of senescence in the cells. But it may be objected
that an element of uncertainty is injected into the case,
by the fact that, as Carrel and Ebeling have lately dis-
cussed in some detail, it has been necessary in carrying
along this long-continned culture to add regularly to the
culture medivm a small amount of ‘‘embryonic juice.”
One might urge that, but for the ‘‘embryonic juice,’’ cellu:
lar senescence and death would have appeared. Bu
suppose this to be granted fully. It does not mear
that senescence is a necessary and inevitable consequenct
of life, but only that to realize a potential immortality
the cells must have an appropriate environment, on
element of which is presumably some chemical combinatior
which, so far, one has supplied only through ‘‘embry
onic juice.’’

An entirely different sort of evidence and one o
great significance is found in the facts of clonal propaga
tion of plants, well known to horticulturists. An individ
nal apple tree grows old, and eventually dies, as a tree
But at all periods of its life, inclnding all stages o
senescence up to the terminal one, death, it produce
shoots each spring. If one of these shoots is grafted t
another root, it will, in the passage of time, make firs
a young tree, then a middle aged tree, and finally an ol¢
senescent tree; which, in turn, will make new shooti
which may, in turn, be grafted to new roots, and so o
ad nfinitum. It is not even absolutely necessary the
the shoot be grafted to a new root; though, of cours:
this is the manner in which the great majority of ou
orchards are, in fact, propagated, and have been sinc
the beginning of horticultural history. Anyone who :
familiar with.the woods of New England, not too far fro
settlements, has seen apple trees in the woods where
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shoot, whose continuity with the base of its parent tree
has never been broken, makes a new tree after the old one
has died—indeed in some cases the shoot has helped the
mortiferous process by the vigorous crowding of youth.
In this whole picture how fares any idea of the necessity
or tnevitableness of cellular (somatic) senescence? Such
an idea plainly has noe place in the realities of the con-
tinued existence of apple trees.

From these facts it is a logically cogent induction to
infer that when cells show the characteristic senescent
changes which were discussed in the preceding chapter,
it is because they are reflecting in their morphology and
physiology a consequence of their mutually dependent
association in the body as a whole, and not any necessary
progressive process inherent in themselves. In other
words, may we not tentatively, in the light of our present
knowledge, regard sencscence as a phenomenon appear-
ing i the multicellular body as a whole, as a result of
the fact that it is a differentiated and conferentiated (to
employ a useful term lately introduced by Ritter) mor-
phologic and dynamic organization. This phenomenon
is reflected morphologically in the component cells. But
it does not primarily originate in any particular cell
becanse of the fact that that cell is old in time, or because
that cell in and of itself has been alive; nor does it occur
in the cells when they are removed from the mutually
dependent relationship of the organized body as a
whole and given appropriate physico-cliemical condi-
tions. In short, senescence appears not to be a primary
attribute of the physiological cconomy of cells as such.

If this conception of the phenomenon of senescence
is correet in its main features, it suggests the essential
futility of attempting to investigate its causes by purely
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cytological methods. On the other hand, by clearing
away the unessential elements, it indicates where researel
into the problem of cansation of seneseence may b

profitable.
An extremely interesting contribution fo the problen

of senescence has been made by Carrel awd Ebheling 1
their most recent paper, in which they show that the rat
of multiplication of fibroblasts in ritro, and the duratio,
of life of such enltures, is inversely proportional to th
age of the animal from which the sernm for the enltur
medium is taken. These results are of sneh considerabl

interest that it will be well to quote in full the summar
of them given by the anthors:

“Pure cultures of fibrollasts dinplayed wmarked differsnces in the
activity in tho plasma of young, mildle aged, aml old chickens. The ra
of eel) multiplieation varied In inverse tatio to the age of the animal fro
which the plasma was taken. There waw a deflnite relation between t
age of the animal and the mmount of new tisate produeed in its pluwy
in o given time. The chart obtained Yy plotting the rate of eoll prolifer
tion iu ordinates, and the age of the animal in Alwcleme, showed that t
rate of growth decreased more quickly than the age increased. “The
crease in the rate of growth was 50 per vent. during the first 3 yrurs
life, while in the following 6 years it was only 30 per ernt When ¢
duration of the life of the cuitures in the four plasman was eompared,
curve was obtained which showed about the samn characteristics 7T
duration of life of the fibroblasts in vitro variel in fnverse ratio to ¢
ago of the animal, and decreasxed more quirkly than the age invreamsd,

“As the differences in the amount of new tisene produced in t
plasma of young, middle aged, and old chlckenn were lnrge, the grow
of & pure culture of fibroblasts could be employed as 8 reagent for dete
ing certain changes occurring in the plasma under the infliuence of age,

“ A comparative stady of the growth of fibrublnsts in medin containi
no serum, and sernm under low and high concentrations wis mads, in ord
to ascertain whether the decreaning rate of eell multiplieation was dne
the loss of an sceelerating factor, or to the incrense of an inhibiting o
Int high and low concentrations of the sernm of young animals, no differer
in the rate of multiplication of fibroblusts wan cbserved. This show
that the serum of an actively growing snimal did not contain sny ac
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erating agent. The same experiments were repeated with the serum of
a 3 year old and & 9 year old chicken. The medium made of a high
concentration of serum had a markedly depressing effect on the growth,
and this effect was greater in the serum of the older animal.

“The results of the experiments showed in & very definite manner that
certain changes occurring in the serum during the course of life can be
detected by modifications in the rate of growth of pure cultures of fibro-
blasts and that these changes are characterized by the increase of an
inhibiting factor, and not by the loss of an accelerating one. It appeared,
therefore, that the substances which greatly accelerate the multiplication
of fibroblasts and are found in the tissues do not exist in the blood serum,
or are constantly shielded by more active inhibiting factors. The curve
which expresses the variations of the inhibiting factor in function of the
age was compared with that showing the variations of the rate of healing
of a wound according to the age of the subject. For wounds of equal size,
the index of cicatrization, which expresses the rate of healing, varies in
inverse ratio to the age. The different values of the index of cicatrization
of a wound 40 sq. cm. in area, taken from measurements made by du Notiy,
were plotted in ordinates, and the age of the subject in absciss®. The
curve showed a decrease in the activity of cicatrization, which resembled
the decrease in the rate of growth of fibroblasts in function of the age
of the janimal. This suggested the existence of a relation between the
factors determining both phenomena.”

These results suggest that there is produced in some
cases by the body or some of its parts, a substance
which inhibits the power of cells to multiply or to remain
alive. How general such a phenomenon is in oceurrence
does not yet appear, but, apparently, it must be absent
in the case of clonal reproduction in plants already dis-
cussed, and in the analogous case of agamic reproduction
in lower Metazoa (cf. planarians). It seems possible
that the results of Carrel and Ebeling might be open to
a slightly different interpretation than that which they
give, which hypothecates a specific inhibiting substance
in the serum, increasing in either amount or specific
potency with age. It seems to me that all of their facts
could be interpreted with equal cogency on the supposi-
tion that the serum from an old animal is itself senes-
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sent as a whole; that is, has undergone a physico-chemi
cal alteration (as compared with that of a voung ani
mal), whieh is comparable to the morphological an
physiological changes which are observable in seneseen
cells. Tt may farther quite reasonably be supposed tha
“genescent’’ serum, becanse of these physico-chemica
alterations, does not. furnish so favorable a nutrient me
dium for in vitro enltures as does “‘ young'’ sernm. Sue
a view avoids the nceessily of postulating a speeifi
“‘genescent”’ subsiance, the existence of which would b
exceedingly diffienlt to prove.

But in any ease, whatever explanation is suggeste
for Carrel and Ebeling’s brilliant results, it does no
seem to me that the resnlts themselves, which alone ar
the realities pertinent in the premises, cither offer an
obstacle to or, indeed, alter the interpretation of senes
cence which I have suggoested above. Ior, what the re
sults really demonstrate is, essentially, that the sernm o
old animals is a less favorable component of the nutrien
medinm of cells in vitro than is the serum of voung ani
mals. This fact is a contribution to our knowledge «o
the phenomena and attributes of senescence of first-clas
importance; but it does not per se, as it appears to mg
permit of any new generalization as to the otinlogy o
senescence.



CHAPTER III
THE CHANCES OF DEATH

THE LIFE TABLE

Uep to this point in our discussion of death and lon-
gevity we have, for the most part, dealt with general and
qualitative matters, and have not made any particular
examination as to the quantitative aspects of the prob-
lem of longevity. To this phase attention may now be
directed. For one organism, and one organism only, do
we know much about the quantitative aspects of longevity.
I refer, of course, to man, and the abundant records which
exist as to the duration of his life nnder various condi-
tions and circumstances. In 1532 there began in London
the first definitely known compilation of weekly ‘“Bills
of Mortality.”” Seven years later, the official registra-
tion of baptisms, marriages and deaths was begun in
France, and shortly after the opening of the seventeentl
century similar registration was begun in Sweden. In
1662 was published the first edition of a remarkable book,
a book which marks the beginning of the subject which we
now know as ‘‘vital statistics.”” I refer to ‘‘Natural and
Political Observatious Mentioned in the Following Index,
and made upon the Bills of Mortality’’ by Captain John
Graunt, Citizen of London. From that day to this, in
an ever widening portion of the inhabited globe we have
had more or less continuous published records about the
duration of life of man. The amount of such material

which has accumulated is enormous. We are only at the
79
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beginning, however, of its proper mathematical and bio.
logical analysis. If hiologists had been farnished with
data of anything like the same gnantity aud quality for
any other organism than man it is probable that a vastly
greater amount of attention wonld have been devoted to
them than ever has been given to vital statisties, so-called,
and there would have been as a result many fundamenta)
advances in biological knowledge now laeking, becanse
material of this sort so generally seems to the profes.
sional biologist to be something about which he is in ne
way concerned.

Liet us examine some of the general faets about the
normal duration of life in man.  We may put the mattes
in thig way: Suppose we started ont at a given instant of
time with a hundred thousand infants, equally distributec
as to sex, and all born at the same instant of time.  IHow
many of these individuals would die in each succeeding
year, and what would be the general pieture of the change
in this cohort with the passage of time? The facts on this
point for the Registration Area of the United Stales n
1910 are exhibited in Figure 18, which is based o1
(lover’s United States Life Tubles.

In this table are seen two curved lines, one marked |
and the other d,. The I, line nudieates the munber o
individuals, out of the original 100,000 starting togoethe:
at birth, who survived at the begiming of each year o
the life span, indicated along the bottom of the diagram
The d, line shows the number dying within ench yea
of the life span. In other words, if we subiract the num
ber dying within each year from the number survivin
at the beginning of that year we shall get the series o
figures plotted as the I; line. We note that in the ver
first year of life the original hundred thousand lose ove
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one-tenth of their number, there being only 88,538 sur-
viving at the beginning of the second year of life. In
the next year 2,446 drop out, and in the year following
that 1,062. Then the line of survivors drops off more
slowly between the period of youth and early adult life.
At 40 years of age, almost exactly 30,000 of the original
100,000 have passed away, and from that point on the I,
line descends with ever increasing rapidity, until about

UMTLD STATES LFL TABLE - 1910
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Fi1a. 18,—Life table diagram. For explanation see text,

age 80, when it once more begins to drop more slowly,
and the last few survivors pass out gradually, a few each
year until something over the century mark is reached,
when the last one of the 100,000 who started across the
bridge of life together will have ended his journey.

This diagram is a graphic representation of that im-
portant type of document known as a life or mortality
table. It putsthe facts of mortality and longevity in their
best form for comparative purposes. The first such
table actually to be computed in anything like the modern
fashion was made by the astronomer, Dr. E. Halley, and

]
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was published in 1693, although thirty ycars before that
time Pascal and Fermat (¢f. Levasseur) had laid down
certain mathematical rules for the calculation of the
probabilities of human life. Since Halley’s time a great
number of such tables have been caleulated. Dawson
fills a stout octavo volume with a colleelion of the more
important of such tables, computed for different coun-
tries and different groups of the population. Now they
have become such a commonplace that elementary classes
in vital statisties are required to compute them (sec for
example Dublin’s New Haven life table).

CHANGER IN EXFECTATION OF LIFE

I wish to pass in graphic review some of these life
tables in order to call attention in vivid form to an impor.
tant fact about the duration of haman life. In order to
bring out the point with which we are here concerned it
will boe necessary to make use of another function of the
mortality table than either the | or d. lines which are
shown in Figure 18. I wish to discuss expectation of
life at each age. The expectation of life at any age is
defined in actuarial science as the mean or average number
of years of survival of persons alive at the stated age.
It is got by dividing the total survivor-years of after life
by the number surviving at the stated age. Or, if we et
ex denote what is called the enrtate expectation of life

Ll tleda b lesat o Al
e 7

[+

To a first approximation, sufficiently aceurate for our
present purposes, the total expectation of life, called e, ,
may be obtained from the curtate expectation by the
simple relation

e 1172
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TABLE 6
Changes in expectation of life from the sevenieenth century to
the present time

Average length of life remaining Average length of life remaining
to each one alive at beginning to each one alive at beginning
of age interval of age interval
Age Age
Breslau, | Carlisle, Breslau, | Carlisle,
17th 18th U.8. 1910 17th 18th U.8.1910
century | century century century
-1 33.60 38.72 51.49 50~ 51 16.81 21.11 20.98
1- 2 44.67 57.11 51- 62 16 .36 20.39 20.28
2- 3 39.78 47.55 8§7.72 52~ 53 15.92 19.68 19.58
3-4 40.75 67.44 53— 15.48 18.97 18.89
45 5 50.76 56.89 54— 65 14.99 18.27 18.21
5- 6 41.55 1.2 .21 55— 56 14.61 17.58 17.55
6~ 7 41.62 51.16 8§5.47 56— 67 14.02 16.89 16.90
7- 8 41.16 50.79 .69 §7- 58 13.54 16.21 18.
8- 9 40.95 50.24 653.87 58- 59 13.08 15.55 15.64
9-10 40.50 49.57 53.02 59~ 60 12.57 14.02 15.03
10-11 39.99 48.82 52.18 60— 61 12.09 14.34 14.42
11~-12 39.43 48.04 51.26 61~ 62 11.62 13.82 13.
12-13 38.79 47.27 8§0.37 62— 63 11.14 13.31 13.26
13-14 38.16 46.50 49 .49 63— 64 10.67 12.81 12.69
14-16 .5 45.74 48 .60 84— 65 10.20 .30 12.14
15-16 86 44 .99 47.73 65— 66 9.73 11.79 11.60
16-17 36.22 44.27 46.86 66— 67 9.27 11.27 11.08
17-18 35.57 43.57 46 .01 67— 68 8.81 10.75 10.57
18-19 34.92 42.87 45.17 68— 69 8.36 10.23 10.07
19-20 26 42.16 44 .34 69~ 70 7.91 9.70 9.58
20-21 33.61 1.46 43.53 70- 71 7.53 9.17 9.11
21-22 32.95 40.78 42.73 71- 72 7.17 8.65 8.66
22-23 32.34 40.03 41.94 72~ 73 6.85 8.16 8.22
23-24 31.687 39.31 41.16 73- 74 6.56 7.72 7.79
24~25 31.00 38.568 40.38 74- 75 6.25 7.33 7.38
25-26 30.38 37.86 39.60 75— 76 5.99 7.00 6.99
26-27 29.76 37.13 38.81 76— 77 5.79 6.69 6 .61
27-28 29.14 36.40 38.03 77- 78 5.71 6.40 6.25
28-29 28.51 35.68 37.25 78~ 79 5.66 6.11 5.90
29-30 27.93 34.99 36.48 79~ 80 5.67 5.80 5.56
30-31 27.3 34.34 35.70 80— 81 5.74 5.51 5.25
31-32 26.76 33.68 34.93 81- 82 5.86 5.20 4.96
32-33 26.18 33.02 34.17 82— 83 6.02 4.93 4.70
33-34 25.59 32.36 33.41 83— 84 5.85 4.65 4.45
34-35 25.06 31.68 32.68 84— 85 4.39 4.22
36 24.51 31.00 31.90 85— 86 4.12 4.00
36-37 23.97 30.32 31.18 86— 87 3.90 3.79
37-38 23.43 29.63 30.42 87- 88 3.71 3.58
38-39 22.88 28.95 29.68 88— 89 3.59 3.39
39-40 22.33 28.27 28.94 89— 90 3.47 3.20
4041 21.78 27.61 28.20 1 3.28 3.03
41-42 21.23 26.97 27.46 91— 92 3.26 2.87
42-43 20.73 26.33 26.73 92- 93 3.37 2.73
43-44 20.23 25.71 25.99 93— 94 3.48 2.59
44-45 .72 25.08 25.26 94~ 95 3.53 247
45-46 19.22 24 .45 24 95~ 96 3.53 2.86
46-47 18.72 23.81 23.82 96— 97 3.46 2.24
47-48 18.21 23.16 23.10 97~ 98 3.28 2.14
48-49 17.71 22.50 22.39 98-~ 99 3.07 2.04
49-50 17.25 21.81 21,69 99-100 2.77 1.95

In each of the series of diagrams which follow there
is plotted the approximate value of the expectation of
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life for some group of peaple at rome period in the more
or less remote past, and for eomparizon the expectation
of life, either from (Hover's table, for the popmlation of
the United States Registration Area in 1310 the expee.
tation of life of onr people new, in short- - or equivalent
fignres for a modern Kuglish or Frenel population,
Beeanse of the eonsiderable interest of the matter,
and the faet that the data are vot eusily available to
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Fio, 1. Comgaring the exprriatioeg of Lis in the 10th eontury with that o the prrae st Yine
biologists, Tuble 6 in inserted, giving the expeetations of
life from which eortain of the dingrams have heen plotted,

Figure 19 gives the results from Halley ‘s tnble, based
upon the mortality experience in the eity of Brealan, in
Silesia, during the years 1687 to 1691, This gives us
a rough, but in its gencral sweep sufficiently neenrate
picture of the forces of mortality townrds the end of the
seventeenth century  From this diagram it appears that
at birth the expectation of life of an individunl born in
Breslau in the seventeenth century was much lower than
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that of an individual born in the United States in 1910.
The difference amounts to approximately 18 years!
Probably the actnal difference was not so great as this,
as thege early life tables are known to be inaccurate at
the ends of the lifespan, particularly at the beginning.
At 10 years of age, the difference in expectation of life
had been reduced to just over 12 years; at age 20, to a
little less than 10 years; at age 30 to 7-4 years; at age
50 to just over 4 years; at age 70 to 1-14 years. At
age 80 the lines have crossed, but owing to the inade-
quate methods of graduation used by this pioneer actuary,
together with the paucity and probably somewhat inac-
curate character of his material, no, stress is to be laid
upon the crossing of the lines, or upon the superior
expectation of life at the high ages in the seventeenth
century material. What the diagram shows is that the
expectation of life at early ages was vastly inferior
in the seventeenth century to what it is now, while at
advanced ages the chances of living were substantially
the same. Let us defer the further discussion of the
meaning and explanation of this curious fact until we
have examined some further data.

Figure 20 compares the expectation of life in England
at the middle of the eighteenth century, or about a cen-
tury later than the last, with present conditions in the
United States. Again we see that the expectation at
birth was greatly inferior then to what it is now, but the
difference is not so great as it was a century earlier,
amounting to but 12-34 years instead of the 18 we found
before. Further it is seen that, just as before, the expee-
tations come closer together with advancing age. By
the time age 45—middle life—is reached the expectation
of life was substantially the same in the eighteenth cen-
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tury as it is now. At age 47 the eighteenth century )
crosses that for the twentieth century, and with a !
trifling exceptions, notably in the years from 56 to
the expectation of life for all higher ages was gre?
then than it is now. We see in the eighteenth cent
the same kind of result as was indicated in the sev
teenth, only differing in degree.

MILNES  CARLISLE 1760 - 1787 [NE  TABLE
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F16. 20—Comparing the expectation of life in the 18th century with that of the presen

It should be noted that all data as to mortality in
seventeenth and eighteenth centuries lack the degre:
accuracy which one desires for purely scientific purpo
By erring generally on the safe side these old morta
tables did well enough for insurance purposes. But q
different results as to the detailed values of life t.
constants in these early periods are to be found in
literature. For example, Richards constructed s
life tables from New England genealogical records,
compared them with Wigglesworth’s table, and also »
those of modern times. His general conclusion, for
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New England population, is: ‘‘that during the last half-
century longevity* in Massachusetts, and probably in
New England, has increased, that from 1793 to 1850 the
increase is less certain and from the seventeenth to the
eighteenth century what data we have point rather to
a decrease than to anything else.”” This result may
mean any one of a number of things. It may mean merely
inadequate and inaccurate data on which the seventeenth
century tables were calculated. It may mean a result of
less stringent selection in the makeup of the population
with the passage of time. In any case it applies only to
a small and rather homogeneous group of people.

The changes in expectation of life from the middle
of the seventeenth century to the present time where the
records are most extensive and reliable appear to fur-
nish a record of a real evolutionary progression. In this
respect at least man has definitely and distinctively
changed, as a race, in a period of three and a half cen-
turies. This is, of course, a matter of extraordinary
interest, and at once stimulates the desire to go still
farther back in history and see what the expectation of
life then was. Fortunately, through the labors of Karl
Pearson, and his associate, W. R. Macdonell, it is pos-
gible to do this, if not with precise accuracy, at least
to a rough first approximation. Pearson has analyzed
the -records as to age at death which were found
npon mummy cases studied by Professor W. Spiegelberg.
These mummies belonged to a period between 1,900
and 2,000 years ago, when Egypt was under Roman
dominion. The data were extremely meagre, but from
Pearson’s analysis of them it has been possible to

* Richards somewhat loosely uses this term when he means “expectation
of life.”
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construct the diagram which ix shown in Figure 21,
Kaceh circle marks a point where it was possible definitely
to calenlate an expectation of life. The eurve running
through the eireles is a rongh graphie smoothing of the
seattered obgerved data. Unfortnuately, there were no
records of deaths in early infauey. Mither there were
1o baby mummies, or if there were they have disappeared.
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It will be seen at once that the general sweep of the
line is of the same sort that we have already observed
in the case of the seventeenth century table. In the
early years of life the expectation was far below that of
the present time, but somewhere between ages 65 and 70
the Egyptian line crosses the modern American line, and
from that period on the individuals living in Egvpt at
abont the time of the birth of Christ conld apparently look
forward to a longer remainingduration of life,on the aver-
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age, than can the American of the present day. Pearson’s
comment on this fact is worth quoting. He says: “‘In
the course of those centuries man must have grown re-
markably fitter to his environment, or else he must have
fitted his environment immeasurably better to himself.
Ny civilized community of to-day could show such a curve
as the civilized Romano-Egyptians of 2,000 years ago
exhibit. We have here either a strong argument for the
survival of the physically fitter man or for the survival
of the civilly fitter society. Either man is constitution-
ally fitter to survive to-day, or he is mentally fitter, ¢.e.,
better able to organize his civic surroundings. Both con-
clusions point perfeetly definitely to an evolutionary
progress. . . . That the expectation of life for a
Romano-Egyptian over 68 was greater than for a modern
English man or woman is what we might expect, for with
the mortality of youth and of middle age enormously
emphasized only the very strongest would survive to
this age. Out of 100 English alive at 10 years of age 39
survive to be 68; out of 100 Romano-Egyptians not 9
survived. Looking at these two, curves we realize at a
glance either the great physical progress of man, which
enables him far more effectually to withstand a hostile
environment, or the great social and sanitary progress
he has made which enables him to modify the environ-
ment. In either case we can definitely assert that 2,000
years has made him a much ‘fitter’ being. In this com-
parison it must be remembered that we are not placing
a civilized race against a barbaric tribe, but comparing
a modern civilization with one of the highest types of
ancient civilization.”’

Macdonell was able to continue this investigation on
much more extensive material extracted from the Corpus
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Inscriptionum Latinarum of the Berlin Academy, which
gives records as to age of death for many thousand
Roman citizens dying, for the most part, within the first
three or four centuries of the Christian era.  His mate-
rial may, thercfore, he taken to represent the conditions
a few centuries later than those of Pearson’s Romano-
ISgvptian population.  Macdouell war able to calenlate
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three tables of expeetation of life—the first for Roman
citizens living in the city of Rome itself; second for
those living in the provinees of Hispunia and Lusitania;
and third, for those living in Africa. The results are
plotted against the United States 1910 data, as before,
in Figures 22, 23, and 24.

Figure 22 relates to inhabitants of the city of Rome
itself. The deaths from which the expectations are
calenlated run into the thousands, and fortunately one
is able to separate males and females. Ax in Pearson’s
cage, which we have just examined, modern American
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data are entered for comparison. It will be noted at
once that just as in the Romano-Egyptian population the
expectation of life of inhabitants of ancient Rome was,
in the early years of life, apparently immensely inferior to
that of the modern population. From abont the age of 60
on, however, the expectation of life appears to have been
better then than now. Curiously enough, the expectation
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of life of females was poorer at practically all ages of life
than that of the males which exactly reverses the modern
state of affairs. Macdonell believes this difference to be
real and to indicate that there were special influences
adversely affecting the health of females in the Roman
Empire, which no longer operate in the modern world. Up
to something like age 25 the expectation of life of dwellers
in the city of Rome was extremely bad, worse than in the
Romano-Egyptian population which Pearson studied, or
in the populations of other parts of the Roman Empire as
we shall see in the following diagram. Macdonell thinks
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that this difference is real and due to circumstances pecu-
liar to Rome.

The general features of the diagram for the popu-
lation of Hispania and Lusitania (Figure 23) are similar
to those that we have seen, with the difference that the
expectation of life up to age 20 or 25 is not as bad as in
the city of Rome itself. Again the females show a lower
expectation practically throughout life than do the males.
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F1a. 24—Comparing the expectation of life of the population of the Roman provinces in
Africa with that of present day A mericans. Plotted from Macdonell's and Glover's data.

The lines cross the modern American lines at about age
60 and from that point on these colonial Romans appar-
ently had a better expectation of life than the modern
American has.

The Romano-African population diagram appears to
start at nearly the same point at birth as does the modern
American, and in general the differences up to age 35
are not substantially more marked from modern condi-
tions than they are in the seventeenth century Breslan
table. The striking thing, however, is that at about age
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40 the lines cross, and from then on the expectation of
life was definitely superior in the early years of the
Christian era to what it is now.

It shounld be said that the curious zigzagging of the
lines in all of these Roman tables of Maedonell is due to
the tendency, which ancient Romans apparently had in
common with present day American negroes, towards
heavy grouping on the even multiples of 5 in the state-
ment of their ages.

Summarizing the whole matter we see that during a
period of approximately 2,000 years man’s expectation
of life at birth and subsequent early ages has apparently
been steadily improving, while at the same time his expec-
tation of life at advanced ageshas been steadily worsening.
Theformer phenomenon may probably be attributed essen-
tially to ever inercasing knowledge of how best to cope
with the lethal forces of nature.* Progressively better
sanitation, in the broadest sense, down through the centur-
ies has saved for a time the lives of ever more and more
babies and young people who formerly could not with-
stand the unfavorable conditions they met, and died in
consequence rather promptly. But just because this pro-
cess tends to preserve the weaklings, who were speedily
eliminated under the rigorous action of unmitigated nat-

“No ahsolute reliance canm, of course, be pnt upon Macdonell's or
Pearson’s curven. Besides laboring under the serious actnarial difficulty
of bheing expectations calculated from a knowledge of deaths alone, the
randomness of the sampling, even on that basis, is extremely doubtful.
The only real evidence that these Roman curves represent a rough pie.
ture of the truth as to expectation of life in those days, arises from the
consideration that they show a difference from present-day expectations
which is of the same kind as that which is found hetween populations of
one and two centurics ago and the present, and of a greater amount, as
would be expected from the longer time interval, and from what we know
has occurred in the material development of civilization in the meantime.
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ural selection, there appear now in the higher age groups
of the population many weaker individuals than formerly
ever got there. Consequently the average expectation
of life at ages beyond say 60 to 70 is not nearly so good
now as it was under the more rigorous régime of ancient
times. Then, any individual who attained age 70 was
the surviving resultant of a bitterly destructive process
of selection. To run successfully the gauntlet of early
and middle life, he necessarily had to have an extraor-
dinarily vigorous and resistant constitution. Having
come through successfully to 70 years of age it is no mat-
ter of wonder that his prospects were for a longer old
age than his descendants of the same age to-day can look
forward to. Biologically, these expectation of life curves
give us the first introduction to a principle which we
shall find as we go on to be of the very foremost impor-
tance in fixing the span of human longevity, namely that
inherited constitution fundamentally and primarily de-
termines how long an individual will live.

ANALYSIS OF THE LIFE TABLE

I shall not develop this point further now, but instead
will turn back to consider briefly certain features of the
d: line of a life table. Figure 18 shows that this line,
which gives the number of deaths oceurring at each age,
has the form of a very much stretched letter S resting
on its back. Some years ago, Pearson undertook the
analysis of this complex curve, and drew certain inter-
esting conclusions as to the fundamental biological causes
lying behind its curious sinnosity. His results are shown
in Figure 25.

He regarded the do line of the life table as a compound
curve, and by suitable mathematical analysis broke it up
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into five component frequency curves. The data which he
used were furnished by the d, line of Ogle’s life table,
based on the experience of 1871 to 1880 in England. This
line gives the deaths per annum of one thousand persons
bornin the same year. The first component which he sepa-
rated was the old age mortality. This is shown by the
dotted curve having its modal point between 70 and 75
years, at the point lettered O, on the base of the diagram.
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This component, according to Pearson’s graduation,
accounted for 484.1 deaths out of the total of 1,000, or
nearly one-half of the whole. Its range extends from
under 20 years of age to the upper limit of life, at approx-
imately 106 years. The sccond component includes the
deaths of middle life. This is the smooth eurve having
its modal point hetween 40 and 45 years at the point on
the base marked 0, Its range extends from about 5
years of age to ahout 65. It accounts for 175.2 deaths
out of the total of 1,000. It is a long, much spread out
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curve, exhibiting great variability. The third comp:
nent is made up by the deaths of youtli. This accoun
for 50.8 deaths out of the total of a thonsand, and i
range extends from about the time of birth to nearly 4
years. Its mid-point is between 20 and 25 years, and
oxhibits less variability than cither the middle life or tt
old age curves. The fourth component, the mmlal poir
of which is at the poiut on the base of the diagram marke
0, covers the childhood mortality. It accounts for 46
deatlis out of the total of 1,000. Its range and variabilit
are obviously less than those of any of the other thre
components so far considered.  The last, excessively ske
compouent, is that which describes the mortality of i
fauey. It is given by a J shaped curve acconuting fc
245.7 deaths after birth, and an antenatal mortality «
605. In order to get any fit at all for this portion of t}
mortality curve it is necessary to assume that the death
in utero and those of the first months after birth are
homogeneous conneeted group.

Summing all these components together it is sece
that the resulting smooth eurve very closely fits the seri
of small circles whielh are the original observation
From the standpoint merely of curve fitting no hettc
result than this ecould be hoped for. But abont its bi
logical signifieance the case is not quite 8o clear, a8 w
shall presently sece.

Pearson himself thinks of these five compounents ¢
the mortality curve as typifying five Deaths, shootin
with different weapons, at different speeds and with di:
fering degrees of precision at the procession of huma
beings crossing the Bridge of Life. The first Death i
according to Pearson, a marksman of deadly aim, e
centrated fire, and unremitting destructiveness. He kil
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before birth as well as after and may be conceived as
beating down young lives with the bones of their ances-
tors. The second marksman who aims at childhood has
an extremely concentrated fire, which may be typified
by the machine gun. Only because of the concentration
of this fire are we able to pass through it without appal-
ling loss. The third marksman Death, who shoots at
youth has not a very deadly or accurate weapon, perhaps
a bow and arrow. The fire of the fourth marksman is
slow, scattered and not very destructive, such as might
result from an old fashioned blunderbuss. The last Death
plies a rifle. None escapes his shots. He aims at old age
but sometimes hits youth. His unremitting aectivity
makes his toll large.

We may let Pearson sum the whole matter up in his
own words: ‘‘Our investigations on the mortality statis-
ties have thus led us to some very definite conclusions
with regard to the chances of death. Instead of seven
we have five ages of man, corresponding to the periods
of infancy, of childhood, of youth, of maturity or middle
age, and of senility or old age. In the case of each of
these periods we see a perfectly regular chance distri-
bution, centering at a given age, and tailing off on either
gide according to a perfectly clear mathematical law. . .

¢¢ Artistically, we no longer think of Death as striking
chaotically; we regard his aim as perfectly regular in
the mass, if unpredictable in the individual instance. It
is no longer the Dance of Death which pictures for us
Death carrying off indiseriminately the old and young,
the rich and the poor, the toiler and the idler, the babe
and its grandsire. We sce something quite different,
the cohort of a thousand tiny mites starting across the
Bridge of Life, and growing in stature as they advance,

7
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till at the far end of the bridge we see only the gray-
beard and the ‘lean and slippered pantaloon.’ As they
pass along the causeway the throng is more and more
thinned ; five Deaths are posted at different stages of the
route longside the bridge, and with different skewness
of aim and different weapons of precision they fire at
the human target till none remains to reach the end of the
causeway—the limit of life.”’

This whole, somewhat fanciful, conception of Pear-
son’s needs a little critical examination. What actually
he has done is to get a good empirical fit of the d. line
by the use of equations involving all told some 17 con-
stants. Because the combined curve fits well, and funda-
mentally for mo other reasom, he implicitly concludes
that the fact that the fit is got by the use of five compo-
nents means biologically that the d, line is a compound
curve, and indicates a five-fold biological heterogeneity in
the material. But it is a very hazardous proceeding to
draw biological conclusions of this type from the mere
fact that a theoretical mathematical function or functions
fits well a series of observational data. I fully discussed
this point several years ago and pointed out:

““The kind of evidence under discussion can at best
have but inferential significance; it can never be of de-
monstrative worth. It is based on a process of reasoning
which assumes a fundamental or necessary relationship
to exist between two sets of phenomena because the same
curve describes the quantitative relations of both sets.
A little consideration indicates that this method of rea-
goning certainly cannot be of general application, even
though we assume it to be correct in particular cases.
The difficulty arises from the fact that the mathematical
functions commonly used with adequate resunlts in physi-
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cal, chemical, biological, and mathematical investigations
are comparatively few in number. The literature of
science shows nothing clearer than that the same type
of curve frequently serves to describe with complete
accuracy the quantitative relations of widely different
natural phenomena. As a consequence, any proposition
to conclude that two sets of phenomena are cansally or
in any other way fundamentally related solely because
they are deseribed by the same type of curve is of a very
doubtful validity.”’

Henderson has put Pearson’s five components together
in a single equation, as follows:

525
.y 0.2216 (=—71.5 — {05524 (z—41.5)]2
le uz=15.2 (1—“:—3—:151—E e ) +54e
— (09092 (z— 22.5)!
4 28¢ +85 (:c —2) S211 ,— 3271 5 —3)

-5 = a
+415.6(:c+.75) 5 — G478

Henderson says regarding this method of Pearson’s
for analyzing the life table: ¢‘. . . it is difficult to lay a
firm foundation for it, because no analysis of the deaths
into natural divisions by causes or otherwise has yet been
made such that the totals in the various groups would
conform to those frequency curves.’”” The italics in this
quotation are the present writer’s for the purpose of em-
phasizing the crucial point of the whole matter.

Now it is altogether probable that one could get just
as good a fit to the observed d. line as is obtained by
Pearson’s five components by using a 17 constant equa-
tion of the type

y=a+bztcttdettext +fBAHgxt+........ ~+ ngtt
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and in that event oue would be qnite as fully justifie
(or really unjustified) in concluding that the d; line wi
a homogencons curve as Pearson is in concluding fro;
his five-component fit that it is compound.  Indeed Wit
stein’s formula involving but four constants

n n
e (M e ) 1 —{(ms)

9= a ir;’;a

gives a substantially good fit over the whele range of lif
It is, of course, apparent that the formula as here give
is in terms of another function, q,, of the life table, rath
than the d: whichh we have hitherto been disenssing, B
uo differenee is in faet involved. g+ values may be imm-
diately converted into d: values by a simple arithmet
cal transformation,

But in neither Pearson’s, Wittstein's, nor any othe
ease i8 the eurve-fitting evidence, by and of itself, in an
sense o demoustration of the biologieal homogeneity ¢
heterogencity of the material. Of far greafer impo
tanee, aud indeed conclusive significance, is the faet,
be brought out in a later chapter, that in material cxper
mentally known to be biologically homageneous, a pop
lation made up of full brothers and sisters out of a hrothe
x sister mating and kept thronghout life in a unifor
environment identical for all individuals, one gets a «
line in all its essential featurcs, save for the absence ¢
excessive infant mortality arising from perfectly cles
hiologieal causes, identical with the human d, line. .
has long been apparent to the thoughtful biologist the
there was not the slightest biological reason to suppot
that the peculiar sinuosity of the human d: line owed i:
origin to any fundamental heterogencity in the materia
or differentiation in respect of the forees of mortalit,



THE CHANCES OF DEATH 101

Now we have experimental proof, to be discussed in a
later chapter, that with complete homogeneity of the
material, both genetic and environmental, one gets just
the same kind of d_ line as in normal human material.
‘We must then, I think, come to the conclusion that bril-
liant and picturesque as is Pearson’s conception of the
five Deaths, actnally there is no slightest reason to sup-
pose that it represents any biological reality, save in the
one respect that his curve fitting demonstrates, as any
other equally successful wounld, that deaths do not occur
chaotically in respect of age, but instead in a regular
manner capable of representation by a mathematical
function of age.

An interesting and suggestive analysis of the d. line,
resting upon a sounder biological basis than Pearson’s,
has lately been given by Arne Fisher. He breaks the
curve up into 8 or 9 components, based upon the compar-
atively stable values of the death ratios for different
groups of diseases characteristic of different ages. The
resulting total curve fits the facts from age 10 on, very
well, and makes possible the caleulation of a complete
life table from a knowledge of deaths only.



CHAPTER 1V
THE CAUSES OF DEATH

I has been suggested in earlier chapters that natary
death of the metazoan body may come abont fundamen
tally because of the differentiation and consequent muy
tual dependence of structure and function of tha
body. It is a complex aggregate of cells and tissues
all mutually dependent upon each other and in |
delicate state of adjustment and balanee. If vne orga
for any aceidental reason, whether internal or external
fails to function normally it upsets this delicate balance
and if normal funetioning of the part is not promptl:
restored, death of the whole organism eventually results
Furthermore, it is appareut that death does not strike i
a haphazard or random manner, but instead in a mos
orderly way. There are certain periods of life—notabl:
youth—where only an insiguificant fraction of those ex
posed Lo risk ever die. At other ages, as, for example
extreme old age and early infancy, death strikes wit]
appalling precision and frequency. Further we recal
with Seneca that nascimus uno modo multis morimur
Truly there are many ways of dying. The fact is obviou
enough, But what is the biological meaning of this mul
tiplicity of pathways to the river S8tyx? There is bu
one pathway into the world. Why so many fo go out
To the consideration of some phases of this problen
attention is directed in this chapter.

By international agreement among statisticians th
causes of human mortality are, for statistical purposes

1N
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rather rigidly defined and separated into something over
180 distinet units. It should be clearly understood that
this convention is distinetly and essentially statistical in
its nature. In recording the statistics of death the regis-
trar is confronted with the absolute necessity of putting
every demise into some category or other in respect of
its causation. However cornplex biologically may have
been the train of events leading up to a particular end,
the statistician must record the terminal ‘‘cause of death’’
as some particular thing. The International Classifica-
tion of the Causes of Death is a code which is the result
of many years’ experience and thought. Great as are
its defects in certain particulars, it nevertheless has cer-
tain marked advantages, the most conspicuous of which
is that by its use the vital statistics of different countries
of the world are put upon a uniform basis.

The several separate causes of death are grouped in
the International Classification into fourteen general
classes. These are:

I. General diseases.
II. Diseases of the nervous system and of the organs of special sense.
III. Diseases of the circulatory system.
1V. Diseases of the respiratory system.
V. Diseases of the digestive system.
VI. Non-venereal diseases of the genito-urinary system and annexa.
VII. The puerperal state.
VII1. Diseases of the skin and of the cellular tissue.
IX. Diseases of the bones and organs of locomotion.
X. Malformation.
XI. Early infancy.
XII. Ol age.
XIII. External causes.
XIV. Ill-defined diseases.

Perhaps the most outstanding feature which strikes
one about the International List is that it is not primarily
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a biological elassification.  Tts first gronp, for exampl
ealled ““(eneral Diseases,”’ whieh caused in 1916 in tt
Registration Avea of the United States approximatel
one-fourth of ‘all the deaths, is a most enrions biologie
and elinteal mélange. It includes sueh diverse entitios ¢
measles and malaria, tetanus and fuberenlosis, canec
and gouococens infeetion, alcoholism and goifer, an
many other unlike eauses of death.  For the purposes ¢
the statistical registrar it perhaps has nsefnl points t
make this “Goeneral Diseases’” gronping, bnt it eleard
corresponds fo nothing natural in the biologieal worl(
Again in such parts of the seheme as do have som
biologieal foundation the busis is different in differer
rabrics.  Some have an organologieal basis, while other
have a causational.

For purposes of biologies] analysis, T developed som
time ago an entirely different elassifieation of the eause
of death, on what appears to he a reasonably consisten
basis.* The underlying idea of this new classificatio
was to group all enuses of death nnder the heads of th
several organ systems of the body, the functional break
down of which is the immediate or predominant eanse o
the cossation of life.  All exeept a few of the statistienll
recognized canses of death in the Tnternational Classifl
eation can be assigned pl:wc's in such a bmlngzml!

'It “should be rlmrly understood that 1 am not udwwaunu " m'
clansification of the eausen of death for statistival uee. 1 slnld oppo
vigerously any attempt to sulmtitute & new clussification (mine or an
other) for the Internatlonal Lint now in uwe. Uniformity in etatisties
clussification is ewentinl to usable, practical vital stutintics. Such un
formity has now hecome well entablished through the International Class
fieatlon, It would be most undesirable to make any rudical changes in th
Clannification now., I hiave made n rearrangement of the eagres of desth, fo
the parpases of a wpecific bMologieal problem. and no olher. [ am ne
"proposing & new classification of vital statiatics” for official or any othe
uxe except the one to which it is here put.
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grouped list. It has a sound logical foundation in the
fact that, biologically considered, death resunlts because
some organ system, or group of organ systems, fails to
continne its functions.
The headings finally decided upon in the new classi-
fication were as follows:
I. _Circulatory system, blood and blood-forming organs.
II. Respiratory system.
III. Primary and secondary sex organs.
IV. XKidneys and related excretory organs.
V. Skeletal and muscular systems.
VL Alimentary tract and associated organs concerned in metabolism.
VII. Nervous system and sense organs.
VIII. Skin.
IX. Endocrinal system.
X. All other causes of death.

The underlying idea of this rearrangement of the
causes of death is to put all those lethal entities together
which bring about death because of the functional organic
breakdown of the same general organ system. The cause
of this functional breakdown may be anything whatever
in the range of pathology. It may be due to bacterial
infection ; it may be due to trophic disturbances; it may
be due to mechanical disturbances which prevent the
continuation of normal function; or to any cause what-
soever. In other words the basis of the classification is
not that of pathological causation, but it is rather that
of organological breakdown. We are now looking at
the question of death from the standpoint of the biologist,
who concerns himself not with what causes a cessation of
function, but rather with what part of the organism ceases
to function, and therefore causes death.

In a series of papers already published I have given
a detailed account of this classification, and the reasoning
on which particular causes of death are placed in it where
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they are. Space is lacking here to go into the details,
and I must consequently ask the reader either to take it
on faith for the time being that the classification is at
least a fairly reasonable one, or to take the trouble to
go over it in detail in the original publication.*

GENERAL RESULTS OF BIOLOGICALLY CLASSIFIED DEATH RATES

Here I should like to present first some general statis-
tical results of this classification. The data which we
shall first discuss are in the form of death rates, from
various causes, per hundred thousand living at all
ages, arranged by organ systems primarily concerned
in death from specified diseases. The statistics came
from three widely separated localities and times, viz.,
(a) from the Registration Area of the United States;
(b) from England and Wales; and (¢) from the City of
S&o Panlo, Brazil.

The summarized results are shown in Table 7, and in
graphic form in Figure 26.

The rates are arranged in descending order of magni-
tude for the United States Registration Area, with the
exception of those of group X, all other causes of death.
We note in pas