A THEORY OF TECHNOPHYSIO EVOLUTION, WITH SOME
IMPLICATIONS FOR FORECASTING POPULATION, HEALTH CARE

COSTS, AND PENSION COSTS"
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We argue that over the past 300 years human physiology has
been undergoing profound environmentally induced changes made
possible by numerous advances in technology. These changes,
which we call technophysio evolution, increased body size by over
50%, and greatly improved the robustness and capacity of vital or-
gan systems. Because technophysio evolution is still ongoing, it is
relevant to forecasts of longevity and morbidity and, therefore, to
forecasts of the size of the elderly population and pension and
health care costs.

Research during the past two decades has produced sig-
nificant advances in the description and explanation of the
secular decline in mortality. Although many of these findings
are still tentative, they suggest a new theory of evolution that
we call technophysio evolution. Study of the causes of the
reduction in mortality point to the existence of a synergism
between technological and physiological improvements that
has produced a form of human evolution that is biological but
not genetic, rapid, culturally transmitted, and not necessarily
stable. This process is ongoing in both rich and developing
countries. In the course of elaborating this theory, we will
define thermodynamic and physiological aspects of economic
growth and discuss their impact on economic growth rates.
Unlike the genetic theory of evolution through natural
selection, which applies to the whole history of life on earth,
technophysio evolution applies only to the last 300 years of
human history, particularly to the last century.! Despite its
limited scope, technophysio evolution appears to be relevant
to forecasting, over the next century or so, likely trends in
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1. In this paper we use evolution in two ways. The term genetic evolu-
tion refers to species change through natural selection among species with
different genetic characteristics. We use the term technophysio evolution to
refer to changes in human physiology brought about primarily by environ-
mental factors. The environmental factors include those influencing chemi-
cal and pathogenic conditions of the womb in which the embryo and fetus
develop. Such environmental factors may be concurrent with the develop-
ment of the embryo and fetus or may have occurred before the conception
of the embryo carlier in the lifc of the mother or higher up in the maternal
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longevity, the age of onset of chronic diseases, body size,
and the efficiency and durability of vital organ systems. It
also has a bearing on pressing issues of public policy such as
the growth in population, in pension costs, and in health care
costs.

The theory of technophysio evolution rests on the propo-
sition that during the last 300 years, particularly during the
last century, humans have gained an unprecedented degree
of control over their environment—a degree of control so
great that it sets them apart not only from all other species,
but also from all previous generations of Homo sapiens. This
new degree of control has enabled Homo sapiens to increase
its average body size by over 50%, to increase its average
longevity by more than 100%, and to improve greatly the
robustness and capacity of vital organ systems.

Figure 1 helps to point out how dramatic the change has
been in the control of environment after 1700. During its first
100,000 or so years, Homo sapiens increased at an exceed-
ingly slow rate. The discovery of agriculture about 11,000
years ago broke the tight constraint on the food supply im-
posed by a hunting and gathering technology, making it pos-
sible to release between 10% and 20% of the labor force from
the direct production of food and giving rise to the first cit-
ies. The new technology of food production was so superior
to the old one that it was possible to support a much higher
rate of population increase than had existed before about
9000 B.C. Yet, as Figure 1 shows, the advances in the tech-
nology of food production after the second Agricultural
Revolution (about A.D. 1700) were far more dramatic than
the earlier breakthrough, because they permitted the popula-
tion to increase at so high a rate that the line of population
appears to explode, rising almost vertically. The new tech-
nological breakthroughs in manufacturing, transportation,
trade, communications, energy production, leisure-time ser-

pedigree. Experimental studies on animal models indicate that environmen-
tal insults in a first generation continue to have potency in retarding physi-
ological performance over several generations despite the absence of subse-
quent insults; the potency of the initial insult, however, declines from one
generation to another (Chandra 1975, 1992; Fraker et al. 1986; Meinhold et
al. 1993).

We italicized primarily to indicate that the potency of particular envi-
ronmental insults varies from one individual to another in a manner that
might reflect complex interactions between environmental and genctic fac-
tors. We abstract from the uses of the term evolution in cmbryogenesis and
in its use as a bridging function in the principle of recapitulation. On thesc
meanings of the term evolution and its general history see Richards (1992)
and Mayr (1982).
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FIGURE 1. THE GROWTA OF THE WORLD POPULATION AND SOME MAJOR EVENTS IN THE HISTORY OF TECHNOLOGY
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Sources: Cipolla (1974), Clark (1971), Fagan (1977), McNeill (1971), Piggott (1965), and Trewartha (1969). See also Allen (1992, 1994), Slicher
van Bath (1963), and Wrigley (1987).

Notes: | = invention; B = beginning. There is usually a lag between the invention of a process or a machine and its general application to
production. “B” is intended to identify the beginning, or the earliest stage, of this diffusion process.

vices, and medical services were in many respects even more cal benefits. Moreover, down to the beginning of World War
striking than those in agriculture. I it was widely believed that the impact of industrialization

Although Figure 1 points to changes in technology that on human physiology was negative. In England, for example,
permitted a vast increase in population, it does not reveal a the large proportion of men rejected by recruiters for the

connection between technological changes and physiologi- Boer War set off an alarm among authorities that was exac-
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erbated by data that seemed to show that recruits who
reached maturity in about 1900 were shorter than those who
had reached maturity at the time of the Crimean War in the
mid-1850s (Floud and Wachter 1982). These findings seemed
to be confirmed by studies reporting that 27% of the British
population was living in such deep poverty that its consump-
tion of food and other necessities was below the level needed
to maintain physical efficiency (Bowley and Burnett-Hurst
1915; Rowntree 1901).

In the balance of this paper we briefly describe various
new categories of evidence that bear on a theory of techno-
physio evolution. We begin with the new findings on the
secular decline in mortality.

THE SECULAR DECLINE IN MORTALITY

By the third decade of the twentieth century improved death
registration made it obvious that the new declines in British
mortality rates were not just a cyclical phenomenon. Be-
tween 1871 and 1901 life expectation in Britain increased by
four years. During the next three decades there was an addi-
tional gain of 16 years. Similar declines in mortality were
recorded in other European nations and in America (Case et
al. 1962; Dublin and Lotka 1936; Dublin, Lotka, and Spiegel
1949; Gille 1949; Stolnitz 1955/1956, 1956/1957; United
Nations 1953).

The plunge in mortality rates during the early decades
of the twentieth century delivered a major blow to the
Malthusian theory of population. Improvements in mortality
were supposed to be short-lived because, under the condi-
tions of population pressure against the food supply that
Malthus specified, the elimination of deaths due to one dis-
ease would be replaced by those due to some other malady.
Efforts to reconcile Malthusian doctrine with the observed
mortality decline—to modify it or to replace it—produced a
large new body of literature.

One aspect of the new research was a concerted effort to
develop time series of death rates that extended as far back
in time as possible to determine just when the decline in mor-
tality began. Before the 1960s, such efforts were focused pri-
marily on notable local communities and parishes. Develop-
ments in statistical techniques and the remarkable reductions
in computational cost, however, made it possible to draw and
process large nationally representative samples.

The results of these efforts are displayed in Figure 2.
Analysis of the French and English series revealed that the
secular decline in mortality took place in two waves. In the
English case the first wave began during the second quarter
of the eighteenth century and lasted through 1820, after
which mortality rates stabilized for half a century. The de-
cline resumed during the 1870s and continues through the
present. The French case is similar except that the first wave
of the decline in mortality began about half a century earlier
in France and its rate of decline during the first wave was
more rapid.?

2. The time series for England and France and the data from which
they have been computed are discussed in DuPédquier (1989), Fogel (1992b),
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FIGURE 2. THE SECULAR TRENDS IN MORTALITY RATES
IN ENGLAND AND FRANCE
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Note: Each diagram shows the scatter of annual death rates around
a 25-year moving average.

Perhaps the most surprising aspect of Figure 2 is the im-
plication that the elimination of crisis mortality, whether re-
lated to famines or not, accounted for less than 10% of the
secular decline in mortality rates. By demonstrating that fam-
ines and famine mortality were a secondary issue in the es-
cape from the high mortality rates of the early modern era,
these studies shifted attention to the neglected issue of chronic
malnutrition as the principal pathway through which malnu-
trition contributed to the high mortality rates of the past.

Galloway (1986), Lee (1981), Richards (1984), Weir (1982), and Wrigley
and Schofield (1981). For data on other Europcan countrics see Bengtsson
and Ohlsson (1984) and Galloway (1987); cf. Eckstcin, Schultz and Wolpin
(1984), Fridlizius (1984), and Perrenoud (1984, 1991).
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TABLE 1. ESTIMATED AVERAGE FINAL HEIGHTS (CM) OF MEN WHO REACHED MATURITY BETWEEN 1750
AND 1875 IN SIX EUROPEAN POPULATIONS, BY QUARTER CENTURIES

1 @) ©) (4) &) (6) @)
Date of Maturity,

by Century and Quarter Great Britain Norway Sweden France Denmark Hungary
1. 1811l 165.9 163.9 168.1 — — 168.7
2. 18-V 167.9 — 166.7 163.0 165.7 165.8
3. 19— 168.0 — 166.7 164.3 165.4 163.9
4. 191 171.6 — 168.0 165.2 166.8 164.2
5. 19-1H 169.3 168.6 169.5 165.6 165.3 —
6. 2011 175.0 178.3 177.6 172.0 176.0 170.9

Sources: For all countries except France see Fogel (1987: table 7). For France, rows 3-5 were computed from von Meerton
(1989) as amended by Weir (1993), with 0.9 cm added to allow for additional growth between age 20 and maturity (Gould 1869:
104-105; cf. Friedman 1982:510, fn. 14). The entry to row 2 was derived from a linear extrapolation of von Meerton’s data for
1815-1836 back to 1788, with 0.9 cm added for additional growth between age 20 and maturity. The entry in row 6 was taken from

Fogel (1987 table 7).

THE SECULAR TREND IN FOOD SUPPLIES AND
BODY SIZE

As a result of the work of agricultural historians we now
have estimates of British agricultural production by half-cen-
tury intervals dating back to 1700. These estimates provide
the basis for national food balance sheets, which indicate that
average daily caloric consumption in Britain around 1790
was about 2,060 kcal per capita or about 2,700 kcal per con-
suming unit (equivalent adult males ages 20-39). The corre-
sponding figure for France was about 2,410 kcal per con-
suming unit.>

3. We have not presented confidence intervals for the estimates of
mean caloric intake in England and France around 1790 because the csti-
mates are constructed from national aggregates, not samples. In the English
and in other cases there are samples of household consumption, but the prin-
cipal issue with these is not sampling error but systematic biases in report-
ing and in sample selection. Metabolic techniques of measuring daily ca-
loric energy utilization, such as the doubly labeled water method, indicate
that samples of food diaries today and other self reports understate actual
food consumption by about 25% (Bingham 1994; Black et al. 1996;
Schoeller 1990).

The means reported here are informed judgements based on the evalu-
ation of numerous potential systematic errors in the data used to derive the
estimates using techniques that are similar to those that have proven useful
in national income accounting. The principal instrument in this work is sen-
sitivity analysis, which focuses on the range of under- or overestimates of
true means due to plausible errors in the data or in estimating procedures.

Another important technique is the establishment of a series of con-
straints that the constructed estimates must satisfy, such as the consistency
between the estimates of agriculture output, of labor productivity in agri-
culture, and of the food energy required to produce that output. Fogel (1993)
summarizes the procedures and presents examples of their application to
the French and English cases. Fogel et al. (1996) discuss the procedures at
greater length and report the results of these tests in the French, English,
and American cascs.

As indicated in these sources, the estimates presented here appear to
be the best estimates based on the currently available data. Both the English
and French estimates, however, may overstate the cnergy actually metabo-
lized. Plausible upper and lower bounds of the reported figures for c. 1790
are about £10%.

One implication of these estimates is that mature adults
of the late eighteenth century must have been very small by
current standards. Today the typical American male in his
early thirties is about 177 cm (70 in.) tall and weighs about
78 kg (172 Ib) (U.S. Department of Health and Human Ser-
vices 1987). Such a male requires daily about 1,800 kcal for
basal metabolism and a total of 2,300 kcal for baseline main-
tenance, which includes 500 kcal for digestion of food and
for vital hygiene. If either the British or the French had been
that large during the eighteenth century, virtually all of the
energy produced by their food supplies would have been re-
quired for personal maintenance, and hardly any would have
been available to sustain work. To have the energy necessary
to produce the national products of these two countries
around 1700, the typical adult male must have been quite
short and very light.

This inference is supported by data on stature and weight
that have been collected for European nations. Table 1 pro-
vides estimates of final heights of adult males who reached
maturity between 1750 and 1875. It shows that during the
eighteenth and nineteenth centuries Europeans were severely
stunted by modern standards (cf. line 6 of Table 1). Estimates
of weights for European nations before 1860 are much more
patchy. Those that are available (mostly inferential) suggest
that around 1790 the average weight of English males in their
thirties was about 61 kg (134 Ib), which is about 20% below
current levels. The corresponding figure for French males
around 1790 may have been only about 50 kg (110 Ib), which
is about a third below current standards.

Further insight into the extent of chronic malnutrition in
Europe at the beginning of the nineteenth century is obtained
by switching focus from the mean levels of caloric tonsump-
tion to the size distributions of calories associated with these
mean levels. Table 2 shows the exceedingly low level of
work capacity permitted by the food supply in France and
England around 1790, even after allowing for the reduced
requirements for maintenance because of small stature and
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TABLE 2. A COMPARISON OF THE PROBABLE FRENCH AND ENGLISH DISTRIBUTION OF THE DAILY
CONSUMPTION OF KCALS PER CONSUMING UNIT TOWARD THE END OF THE EIGHTEENTH

CENTURY
France around 1785 England around 1790

X =2,290 (s/X =0.3) X =2,290 (s/X =0.3)
M ) 3 4) ®)

Daily kcal Cumulative Daily kcal Cumulative

Decile Consumption Percentage Consumption Percentage
1. Highest 3,672 100 4,329 100
2. Ninth 2,981 84 3,514 84
3. Eighth 2,676 71 3,155 71
4. Seventh 2,457 59 2,897 59
5. Sixth 2,276 48 2,684 48
6. Fifth 2,114 38 2,492 38
7. Fourth 1,958 29 2,309 29
8. Third 1,798 21 2,120 21
9. Second 1,614 13 1,903 13
10. First 1,310 6 1,545 6

Source: Fogel (1987: tables 4 and 5 and note 6).

body mass. In France the bottom 10% of the labor force
lacked the energy for regular work and the next 10% had
enough energy for less than three hours of light work daily.
The English situation was only slightly better.

Table 2 also points out the problem with the assumption
that for ancien regime populations, a caloric intake that av-
eraged 2,600 calories per consuming unit daily was ad-
equate. In populations experiencing such low levels of aver-
age consumption, the bottom 20% subsisted on such poor
diets that they were excluded effectively from the labor
force; many of them lacked the energy even for a few hours
of slow walking. That appears to be the principal factor ex-
plaining why beggars constituted as much as a fifth of the
populations of ancien regimes (Cipolla 1980; Goubert 1973;
Laslett 1983).

THE RELATIONSHIP BETWEEN BODY SIZE AND
THE RISK OF DEATH AT MIDDLE AND LATE AGES

A number of recent studies have established the predictive
power of height and body mass with respect to morbidity and
mortality at later ages. The results of two of these studies are
summarized in Figures 3 and 4. Figure 3 displays the rela-
tionship between relative mortality risk and height among
Norwegian men ages 40-59 measured in the 1960s from data
used by Waaler (1984) and among Union Army veterans
measured at ages 23—49 and at risk between ages 55 and 75.¢

4. Relative risk of dying in a given population in Figures 3,4, and 5 is
defincd as the odds of dying at a spccific height divided by the mean risk of
death over all heights in that population. See Kim (1996) for further details.

Short men, whether modern Norwegians or nineteenth cen-
tury Americans, were much more likely to die than tall men.
Height also has been found to be an important predictor of
the relative likelihood that men ages 23—49 would be rejected
from the Union Army during the period 1861-1865 because
of chronic diseases (Fogel 1993). Despite significant differ-
ences in ethnicity, environmental circumstances, the array
and severity of diseases, and time, the functional relation-
ship between height and relative risk are strikingly similar in
the two cases.

Waaler (1984) also has studied the relationship in Nor-
way between the risk of death and body mass, measured by
the Body Mass Index (BMI, weight in kilograms divided by
height in meters squared). A curve summarizing his findings
for men ages 45-49 is shown in Figure 4. The curve for
Union Army veterans measured at ages 45-64 and followed
for 25 years is also shown in Figure 4. Among both modern
Norwegians and Union Army veterans, the curve is relatively
flat within the BMI range 22-28, with the relative risk of
mortality hovering close to 1. At BMIs of less than 22 and
over 28 (i.e., as BMI moves away from its mean value), how-
ever, the risk of death rises quite sharply.

Although Figures 3 and 4 are revealing, they are not suf-
ficient to shed light on the debate over whether moderate
stunting impairs health when weight-for-height is adequate.
To get at the “small-but-healthy” issue one needs an iso-mor-
tality surface that relates the risk of death to height and
weight simultaneously. Such a surface, presented in Figure
5, was fitted to Waaler’s (1984) data. Transecting the iso-
mortality map are lines that give the locus of each BMI be-



54

FIGURE 3. COMPARISON OF THE RELATIONSHIP BE-
TWEEN BODY HEIGHT AND RELATIVE MORTAL-
ITY RISK AMONG MODERN NORWEGIAN MEN
AND UNION ARMY VERERANS AROUND 1900
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FIGURE 4. RELATIVE MORTALITY RISK BY BMI AMONG
MEN 50 YEARS OF AGE, UNION ARMY VETER-
ANS AROUND 1900 AND MODERN NORWE-
GIANS
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Source: Costa and Steckel (forthcoming).

Notes: Height for 309,554 modern Norwegians was measured at
ages 40-59 and the period of risk was 7 years. Height of 322 Union
Army verterans ages 23-49 was measured at enlistment and the
period of risk was from ages 55-75.

tween 16 and 34 and a curve giving the weights that mini-
mize risk at each height.

Figure 5 shows that even when body weight is main-
tained at what Figure 4 indicates is an “ideal” level (BMI =
25), short men are at substantially greater risk of death than
tall men. Figure 5 also shows that the ideal BMI varies with
height. A BMI of 25 is ideal for men about 176 cm (69 in.)
tall, but for tall men the ideal BMI is between 22 and 24,
whereas for short men (under 168 cm or 66 in.) the ideal
BMI is about 26.°

Superimposed on Figure 5 are rough estimates of heights
and weights in France at four dates. In 1705 the French prob-
ably achieved equilibrium with their food supply at an aver-
age height of about 161 cm (63 in.) and BMI of about 18.
Over the next 270 years the food supply expanded with suf-
ficient rapidity to permit both the height and the weight of
adult males to increase. Figure 5 implies that while factors
associated with height and weight jointly explain about 90%
of the estimated decline in French mortality rates over the
period between about 1785 and 1870, they explain only
about 50% of the decline in mortality rates during the past
century (Fogel et al. 1996).¢

5. See Kim (1996) for the method of estimating Waaler surfaces.
6. The decreased importance of changes in human physiology that are
correlated with height and weight suggest that other factors, such as medi-

Source: Costa and Steckel (forthcoming).

Notes: In the Norwegian data BMI for 79,084 men was measured at
ages 45-49 and the period cf risk was 7 years. BMI of Union Army
Veterans was measured at ages 45-64 and the observation period
was 25 years.

The analysis in this section points to the misleading na-
ture of the concept of subsistence as Malthus originally
used it and as it still is used widely today. Subsistence is
not located at the edge of a nutritional cliff, beyond which
lies demographic disaster. Rather than one level of subsis-
tence, there are numerous levels at which a population and
a food supply can be in equilibrium, in the sense that they
can be indefinitely sustained. Some levels, however, will
have smaller people and higher “normal” mortality than
others.

THE RELEVANCE OF WAALER SURFACES FOR
PREDICTING TRENDS IN CHRONIC DISEASES

Poor body builds increased vulnerability to both contagious
and chronic diseases. This point is demonstrated in Figure
6, which shows that chronic conditions were much more
frequent among short young men than among tall young
men in the U.S. National Health Interview Surveys (NHIS)
for the period 1985-1988. Virtually the same functional re-
lationship was found in the 1860s among young'adults and
\
cal innovations, now mattcr more. This docs not mean, howcvér, that hecight
and weight havc lost their predictive valuc. Average heights arc still increas-
ing (see footnote 12) and inability to maintain adcquatc BMI is lifc threat-
cning for many clderly. Barker (1992, 1994) rcports that anthropomectric
measures at birth predict BMI and hip-to-wastc ratios among persons at latc
middlc-ages.
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FIGURE 5. ISO-MORTALITY CURVES OF RELATIVE RISK FOR HEIGHT AND WEIGHT AMONG NORWEGIAN MALES AGES
50-74, WITH A PLOT OF THE ESTIMATED FRENCH HEIGHT AND WEIGHT AT FOUR DATES
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middle-aged men examined by the surgeons of the Union
Army. Stunting during developmental ages had a long reach
and increased the likelihood that people would suffer from
chronic diseases at middle and at late ages (Fogel, Costa,
and Kim 1993).

American males born during the second quarter of the
nineteenth century were not only stunted by today’s stan-
dards, but had BMIs at adult ages that were about 15% lower
than current U.S. levels (see Figure 7). Their combined
muscle and bone mass was also lower. Lean BMI at adult
ages, as estimated from anthropometric measures, was about
7% lower than among men today (Costa and Steckel forth-
coming). The difference in average BMI between adult males

today and those born in the nineteenth century widened with
age, perhaps because of the accumulated effects of differ-
ences in nutritional intakes and physical activity and because
of the increased prevalence of chronic conditions at older
ages. The implication of combined stunting and low BMI is
brought out in Figure 8, which shows a Waaler surface for
morbidity estimated by Kim (1993) from NHIS data for the
period 1985-1988 that is similar to the Norwegian surface
for mortality (see Figure 5).

Figure 8 also shows the coordinates in height and BMI
of Union Army veterans who were 65 or older in 1910 and
of veterans (mainly of World War II) who were the same ages
during the period 1985-1988. These coordinates predict a
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FIGURE 6. THE RELATIONSHIP BETWEEN HEIGHT AND
RELATIVE RISK OF ILL HEALTH IN NHIS
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decline of about 35% in the prevalence of chronic disease
among the two cohorts (Fogel et al. 1993).

This prediction is quite close to what actually occurred.’
Table 3 shows comparisons of the prevalence of chronic dis-
eases among Union Army men ages 65 and older in 1910
with two surveys of veterans of the same ages in the 1980s.
That table indicates that among the elderly heart disease was
2.9 times as prevalent, musculoskeletal and respiratory dis-
eases were 1.6 times as prevalent, and digestive diseases
were 4.7 times as prevalent among veterans ages 65 or older
in 1910 as in the period 1985-1988. Young adults born be-
tween 1822 and 1845 who survived the deadly infectious dis-
eases of childhood and adolescence were not, as some have
suggested, freer of degenerative diseases than persons of the
same ages today; rather they were more afflicted. Hernia
rates at ages 35-39, for example, were more than 3 times as
prevalent in the 1860s as in the 1980s.

Of special note is the much higher incidence of clubfoot
in the 1860s—a birth anomaly which suggests that the uterus
was far less safe for those awaiting birth in the 1860s than it
is today. The provisional findings thus suggest that chronic
conditions were far more prevalent throughout the life cycle
for those who reached age 65 before World War I than is sug-
gested by the theory of the epidemiological transition (Fogel
et al. 1993). Reliance on causes-of-death information to char-
acterize the epidemiology of the past has led to a significant

7. The fact that height and weight predict the decline in chronic condi-
tions docs not mean that they causcd the decline: Thesc variables may be
mercly proxics for morc fundamental physiological changes that arc not di-
rectly measured (sce the next scction).
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misrepresentation of the distribution of health conditions
among the living. It also has promoted the view that the epi-
demiology of chronic diseases is more separate from that of
contagious diseases than now appears to be the case.

PHYSIOLOGICAL FOUNDATIONS FOR WAALER
SURFACES AND CURVES

What is the basis for the predictive capacity of Waaler sur-
faces and curves? Part of the answer resides in the realm of
human physiology. Variations in height and weight appear to
be associated with variations in the chemical composition of
the tissues that make up these organs, in the quality of the
electrical transmission across membranes, and in the func-
tioning of the endocrine system and other vital systems.

Research in this area is developing rapidly and some of
the new findings are yet to be confirmed. The exact mecha-
nisms by which malnutrition and trauma in utero or during
early childhood are transformed into organ dysfunctions are
still unclear. What is agreed upon is that the basic structure
of most organs is laid down early, and it is reasonable to in-
fer that poorly developed organs may break down earlier than
well developed ones (Tanner 1990, 1993). The principal evi-
dence so far is statistical and, despite agreement on certain
specific dysfunctions, there is no generally accepted theory
of cellular aging.

With these caveats in mind, recent research bearing on
the connection between malnutrition and body size and the
later onset of chronic diseases can be divided conveniently
into three categories. The first category involves forms of
malnutrition (including the ingestion of toxic substances)
that cause permanent, promptly visible physiological dam-
age, as is seen in the impairment of the nervous systems of
fetuses due to pregnant women’s smoking or excess con-
sumption of alcohol. It appears that protein-calorie malnutri-
tion (PCM) in infancy and early childhood can lead to a per-
manent impairment of central nervous system function. Io-
dine deficiency in utero and moderate to severe iron defi-
ciency during infancy also appear to cause permanent neuro-
logical damage.®

Not all damage due to retarded development in utero or
during infancy caused by malnutrition shows up immedi-
ately. In a recent series of studies D.J.P. Barker and his col-
leagues (Barker 1992, 1994) have reported that conditions
such as coronary heart disease, hypertension, stroke,
noninsulin-dependent diabetes, and autoimmune thyroiditis
begin in utero or in infancy, but do not become apparent un-
til midadult or late ages. In these cases, individuals appear to
be in good health and function well in the interim. Early on-
set of the degenerative diseases of old age, however, appears
to be linked to inadequate cellular development early in life.

8. On fctal alcohol syndrome, sce Robbins, Cotran, and Kuymar (1984).
On protcin-caloric malnutrition in infancy and carly childhood, scc Chavez,
Martincz, and Sobcrancs (1995), Martorcll, Rivera, and Kaplowitz (1990),
and Scrimshaw and Gordon (1968); but cf. Volpc (1987). On the cffcct of
iodinc and iron dcficiency in utcro and infancy, sec Lozoff, Jimenez, and
Abraham (1991) and Scrimshaw (1993).
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FIGURE 7. MEAN BODY MASS INDEX BY AGE GROUP AND YEAR, 1863—-1991
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Note: The age groups, which are centered at the marks, are ages 18-19, 20-24, 25-29, 30-34, 35-39, 40-49, 50-64, and 65-79. For some

years BMI is not available for a specific age group.

Some of these cases are associated with low birth weight.
Some babies are born in the normal weight range but experi-
ence below average infant weight gains. In other instances
babies are small relative to the size of their placentas, short
in relation to the size of their head, or long but thin.

Certain physiological dysfunctions incurred by persons
suffering from malnutrition, in principle, can be reversed by
improved dietary intake, but they often persist because the
cause of the malnutrition persists. If the malnutrition persists
long enough these conditions can become irreversible or fa-
tal. This category of dysfunctions includes the degradation
of tissue structure, especially in vital organs such as the
lungs, the heart, and the gastrointestinal tract. In the case of
the respiratory system, for example, there is not only de-
creased muscle mass and strength but also impaired ventila-
tory drive, biochemical changes in connective tissue, and
electrolyte abnormalities. Malnutrition also has been related
to the atrophy of the mucosal cells of the gut, the inhibition
of wound healing, increased likelihood of traumatic shock
and of sepsts, impaired functioning of the endocrine system,
increased tendency to edema, electrical instability that can
provoke acute arrhythmias, and degenerative joint diseases

(Hill 1990; Idiaquez 1988; McMahon and Bistrian 1990;
Saba, Dillon, and Lanser 1983; Fisler 1992; cf. Manton
1993).

Also relevant is the discovery of the relationship be-
tween birth weight and the probability of neonatal death. The
curves in Figure 9 are “U” shaped, indicating that in each
population babies significantly heavier than the optimal
weight also incur high mortality risks. Moreover, the opti-
mal birth weight in the two populations with small mothers
was significantly lower than that of the U.S. population
where mothers were relatively large (Hytten and Leitch
1971; but cf. Chandra 1975). In other words, it appears that
before high-technology interventions, the size of the
mother’s pelvis constituted an intergenerational constraint on
the rate at which babies could escape from the effects of mal-
nutrition as fetal nutrition improved.

THE INSTABILITY OF TECHNOPHYSIO

EVOLUTION

Available data on stature and mortality from a number of
countries indicate that during the eighteenth and nineteenth
centuries, technophysio evolution did not proceed steadily in



58 DEMOGRAPHY, VOLUME 34-NUMBER 1, FEBRUARY 1997

FIGURE 8. HEALTH IMPROVEMENT PREDICTED BY NHIS 1985-1988 HEALTH SURFACE
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Note: All risks are measured relative to the average risk of morbidiy (calculated over all heights and weights) among NHIS 1985-1988 white
males ages 45-64. :

either Europe or the United States. Figure 10 summarizes the of the eighteenth century, attaining substantially greater
available data on U.S. secular trends in both stature and mor- heights and life expectations than prevailed in England dur-
tality since 1720 (Costa and Steckel forthcoming; Fogel ing the same period. Life expectancy began to decline dur-
1986). The series on both stature and period life expectancy ing the 1790s and continued to do so for about half a cen-

at age 10 contain striking cycles. Both series rise during most tury. There may have been a slight decline in the heights of
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TABLE 3. PREVALENCE OF CHRONIC CONDITIONS AMONG UNION ARMY VETERANS IN 1910,
VETERANS IN 1983 AND VETERANS IN NHIS 1985-1988, AGES 65 AND ABOVE

Union Army 1983 Age-Adjusted NHIS 1985-1988
Disorder Veterans Veterans? 1983 Veterans Veterans®
SKIN OR MUSCULOSKELETAL (%) 68.4 48.1 475 45.8
Musculoskeletal 67.7 47.9 47.2 42.5
DIGESTIVE (%) 84.0 49.0 48.9 8.0
Hernia 345 27.3 26.7 6.6
Diarrhea 31.9 3.7 4.2 14
GENITO-URINARY (%} 27.3 6.3 32.2 8.9
CENTRAL NERVOUS, ENDOCRINE,
METABOLIC, OR BLOOD (%) 24.2 29.9 9.1 12.6
CIRCULATORY (%) 90.1 42.9 39.9 40.0
Heart 76.0 385 39.9 26.6
Varicose veins 385 8.7 8.3 5.3
Hemorrhoids 44.4 7.2
RESPIRATORY (%) 42.2 29.8 28.1 26.5
NEOPLASMS (%) 2.2 13.1 11.5 9.2

Source: Fogel et al. (1993).

2Includes veterans in 1983 reporting whether they had specific chronic conditions.

b|ncludes veterans in NHIS from 1985-1988 reporting whether they had specific chronic conditions during the

preceding 12 months.

cohorts born between 1785 and 1820, but the sharp decline,
which probably lasted about half a century, began with co-
horts born around 1830. At the same time, cohort life ex-
pectancy at age 20 began an accelerated decline (Pope
1992).° A new rise in heights, the one with which we long
have been familiar, probably began with cohorts born during
the last decade of the nineteenth century and continued for
about 60 years. Similar cycles in height occurred in Hun-
gary, Sweden, and Britain.

Evidence on trends in BMI and morbidity is sparser, but
the time pattern agrees with that of stature and mortality.
BMI of Citadel cadets age 18 declined from the 1870s to the
1890s before rising by 1920 (Coclanis and Komlos 1995).
Figure 7 shows declines in BMI between 1864 and 1894
among men ages 20-24, 25-29, and 30-34. Prevalence rates
at older ages for chronic conditions among cohorts who were
born in the period 1840-1849 were higher than those for co-
horts who were born in the periods 1830-1839 and 1820-
1929. At ages 65~74 men who were born in the period 1820—
29 were significantly less likely than men bom between 1840
and 1849 to suffer from rheumatism, hemorrhoids, respira-

9. We use period rather than cohort life expectancies in Figure 10 be-
cause less complete information is available for cohort life expectancies.

tory disorders, hernias, and stomach disorders. They were
significantly less likely to have respiratory and stomach dis-
orders than were men born in the period 1830-1839, who, in
turn, were less likely than men born in the period 1840-1849
to suffer from circulatory conditions (Costa and Steckel
forthcoming). The stunting of the 1840-1849 cohort relative
to the 1830-1839 and 1820-1829 cohorts appears to be re-
flected in health outcomes at older ages.

Although the mix of factors tending to retard improve-
ments in nutritional status and health varied from one coun-
try to another, one factor stands out more than any other:
rapid urbanization. In both Europe and the United States the
urban population during the nineteenth century grew far
more rapidly than at any other time in history, exceeding the
capacity of the cities to supply clean water, to remove
waste, and to contain the spread of infection (Bairoch
1988). The mortality rate appears to have been influenced
both by the size of the city and by the rapidity of its growth
rate. In the case of the United States around 1830, cities
with 50,000 or more persons had more than twice the death
rates of rural areas; similar patterns have been observed for
Europe. The exact threshold at which city size began to af-
fect mortality rates varied with time, place, and circum-
stance, but in the United States during the mid-nineteenth
century, cities of about 25,000 persons appear to have been
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FIGURE 9. PRENATAL RATE BY BIRTH WEIGHT IN GHANA,
INDIA, AND THE UNITED STATES
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the threshold of significant elevation in mortality rates
(Fogel et al. 1978).

THERMODYNAMIC AND PHYSIOLOGICAL
FACTORS IN ECONOMIC GROWTH

So far we have focused on the contribution of technological
change to physiological improvements. The process has been
synergistic, however, with improvement in nutrition and
physiology contributing significantly to the process of eco-
nomic growth and technological progress.

We alluded to the thermodynamic contribution to eco-
nomic growth when we pointed out that individuals in the
bottom 20% of the caloric distributions of France and En-
gland around 1790 lacked the energy for sustained work and
were excluded effectively from the labor force. Moreover,
even those who participated in the labor force had only rela-
tively small amounts of energy for work.
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Because the first law of thermodynamics applies as
much to human engines as to mechanical ones, it is possible
to use energy cost accounting to estimate the increase in en-
ergy available for work over the past two centuries. In the
British case the thermodynamic factor explains 30% of the
British growth rate since 1790 (Fogel et al. 1996). The in-
crease in the amount of energy available for work had two
effects. It raised the labor force participation rate by bring-
ing into the labor force the bottom 20% of consuming units
in 1790 who had had, on average, only enough energy for a
few hours of slow walking. Moreover, for those in the labor
force, the intensity of work per hour has increased because
the number of calories available for work each day increased
by about 50%. ‘

The physiological factor pertains to the efficiency with
which the human engine converts energy input into work out-
put. Changes in health, in the composition of diet, and in
clothing and shelter can affect significantly the efficiency
with which ingested energy is converted into work output.
Reductions in the incidence of infectious diseases increase
the proportion of ingested energy available for work both
because of savings in the energy required to mobilize the
immune system and because the capacity of the gut to ab-
sorb nutrients is improved, especially as a consequence of a
reduction in diarrheal diseases.

Thermodynamic efficiency also has increased because of
changes in the composition of the diet, including the shift
from grains and other foods with high fiber content to sugar
and meats. These dietary changes raised the proportion of
ingested energy that can be metabolized (i.e, increased the
average value of the “Atwater Factors,” to use the language
of nutritionists). Improvements in clothing and shelter also
have increased thermodynamic efficiency by reducing the
amount of energy lost through radiation (Dasgupta 1993).

Moreover, individuals who are stunted but otherwise
healthy at maturity will be at an increased risk of incurring
chronic diseases and of dying prematurely. In other words,
when considered as work engines, they wear out more
quickly and are less efficient at each age. The available data
suggest that the average efficiency of the human engine in
Britain increased by about 53% between 1790 and 1980. The
combined effect of the increase in dietary energy available
for work and the increased human efficiency in transforming
dietary energy into work output appears to account for about
50% of the British economic growth since 1790.'°

SOME IMPLICATIONS FOR FORECASTING AND
FOR CURRENT POLICY

Between 1850 and 1950 U.S. life expectation ‘at birth in-
creased from about 40 to 68 years. Then for tl’;e next two
decades further progress in longevity came to a virtual halt.
During and following this interregnum investigators who re-
viewed the progress in mortality over the preceding century
tended toward a consensus on three propositions:

10. See Fogel {1994) for computational procedures.
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FIGURE 10. TREND IN MEAN FINAL HEIGHT OF NATIVE-BORN,
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(1) The century-long decline in mortality rates was unique and
could not be repeated because virtually all of the gains made
through the elimination of death from contagious diseases be-
low age 60 had been made.

(2) Deaths, now concentrated at older ages, were due to degenera-
tive diseases that were unrelated to the contagious diseases they
superseded. The degenerative diseases were caused by acceler-
ated organ losses that were part of the natural process of aging.

(3) There was an upper limit to life expectation that was geneti-
cally determined. One influential paper put that limit at 85 +7
years (Fries 1980, 1989).

More recent studies, responding to the renewed decline
in mortality for those ages 65 and older, have uncovered evi-
dence that militates against the notion of a genetically fixed

life span or, if it is fixed, suggests that the upper limit is well
above 85 years. McGue, Vaupel, and Holm’s (1993) study of
Danish twins indicates that genetic factors account for only
about 30% of the variance in age at death. Their study of
Swedish males who lived to age 90 indicates that the death
rate at that age has declined by about 1% per annum since
1950—a finding that is contradictory to the rectangularization
of the survivorship curve.! Two recent studies of insect popu-
lations indicated that variation in environmental conditions
had a much larger effect on the life span than genetic factors

11. Wilmoth and Lundstrém (1996) indicate that in five countries for
which adequate data are available, the upper tail of the age distribution of
death has been moving steadily higher for a century or more.
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and revealed no pattern suggestive of a fixed upper limit
(Carey et al. 1992; Curtsinger et al. 1992; Kannisto et al.
1994; Thatcher 1992; Vaupel 1991; Vaupel and Lundstrom
1994). Collectively these studies do not rule out genetic fac-
tors, but they suggest something much less rigid than the ge-
netic programming of absolute life spans: An emerging theory
combines genetic susceptibility of various organs with cumu-
lative insults as a result of exposure to risk.

Recent studies also indicate that age-specific rates of
chronic conditions above age 65 generally are falling. Ac-
cording to Manton, Corder, and Stallard (1993) the rate of
disability among the elderly in the U.S. declined by 4.7%
between 1982 and 1989. Viewed on a decade basis, this rate
of decline is quite similar to the long-term rates of decline
between 1910 and 1985-1988 in chronic conditions among
elderly veterans. The finding is consistent with the growing
body of evidence indicating that chronic diseases at later
ages are, to a considerable degree, the result of exposure to
infectious diseases, malnutrition, and other types of biomedi-
cal and socioeconomic stress early in life. It is also consis-
tent with the predicted decline of about 6% per decade in
chronic diseases based on the Waaler surface in ill health dis-
played in Figure 6 (Blair et al. 1989; Fogel et al. 1993;
Manton et al. 1993; Manton and Soldo 1992; Manton,
Stallard, and Singer 1992).

Much current research is now focused on explaining the
decline in chronic conditions. Part of the emerging explana-
tion is a change in life styles: Reduced smoking, improved
nutrition, and increased exercise appear to be involved in re-
ducing the prevalence of coronary heart disease and respira-
tory diseases. Another part of the explanation is the increas-
ing effectiveness of medical intervention. This point is dem-
onstrated strikingly by comparing the second and last col-
umns of the row for hernias in Table 3. Before World War II,
hernias (once they occurred) were generally permanent and
often exceedingly painful conditions. By the 1980s, however,
about three-quarters of all veterans who ever had hernias were
cured of them. Similar progress over the seven decades is
indicated in the row for genito-urinary conditions. Other ar-
eas where medical intervention has been highly effective in-
clude control of hypertension and reduction in the incidence
of stroke, surgical removal of osteoarthritis, replacement of
knee and hip joints, curing of cataracts, and chemotherapies
that reduce the incidence of osteoporosis and heart disease.

The success in medical interventions combined with ris-
ing incomes has naturally led to a huge increase in the de-
mand for medical services. Econometric estimates suggest a
long-run income elasticity of around 1.5 in the demand for
medical services across Organization of Economic Coopera-
tion and Development (OECD) nations. The rapidly growing
level of demand—combined with the egalitarian policy of
providing medical care at highly subsidized prices—has cre-
ated the crisis in health care costs now a major focus of pub-
lic policy debates across OECD nations, with various com-
binations of price and governmental rationing under consid-
eration (The Economist 1990; Newhouse 1992; Schieber,
Poullier, and Greenwald 1993; Schwartz and Aaron 1991).
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Growing opportunity to improve health at young ages,
to reduce the incidence of chronic diseases at late ages, and
to cure or alleviate the disabilities associated with chronic
diseases raises two other post-Malthusian population issues.
One is the impact of improved health on population size. In
a recent paper Ahlburg and Vaupel (1990) pointed out that if
mortality rates at older ages continue to decline at 2% per
annum, the U.S. elderly population in 2050 will be 36 mil-
lion larger than forecast by the Census Bureau (cf. Preston
1993). That possibility poses policy issues with respect to
health care costs (because total medical costs may rise
sharply even if cure rates continue to improve) and to pen-
sion costs (because the number of persons eligible for ben-
efits under present proposed rules, and the projected com-
pensation levels will become so large that outpayments will
exceed planned reserves).

Some policymakers have sought to meet the pension
problem by delaying retirement. Such schemes are based on
the proposition that improved health will make it possible
for more people to work past age 65. The recent findings on
the secular improvement in health at older ages, however,
make it clear that worsening health is not the explanation
for the steep decline in labor force participation rates of
males over 65 since 1890. Not only has average health im-
proved, but health has become less important to the labor
supply decision (Costa 1996a). As Costa (1995) has re-
ported, the U.S. decline in participation rates of the elderly
over the past century is explained largely by the secular rise
in income and a decline in the income elasticity of the de-
mand for retirement. It also is related to the vast increase in
the supply and the quality of leisure-time activities for the
laboring classes.

In Malthus’s time, and down to the opening of this cen-
tury, leisure was in very short supply in OECD countries and,
as Veblen (1934) pointed out, it was conspicuously consumed
by a small upper class. Over the course of the twentieth cen-
tury, hours of work have fallen by nearly half for typical
workers. Ironically, those in the top decile of the income dis-
tribution have not shared much in this gain of leisure; the
highly paid professionals and businessmen who populate the
top decile work closer to the nineteenth century standard of
3,200 hours per year than to the working class standard of
about 1,800 hours.

There also has been a vast increase in the supply of lei-
sure-time activities. The hours between dinner and bedtime
now can be spent on either live entertainment, spectator
sports, movies, movie rentals, television, listening to the ra-
dio or to compact discs, or reading. Weekends can be spent
at distant or nearby ski resorts or beaches, at the backyard or
neighbor pool or park, or on hobbies. The goods that enhance
leisure time have become increasingly accessible. Estimated
expenditure elasticities for recreational goods have fallen
from around 2 at the beginning of the century to slightly
more than 1 today (Costa 1996b). Recreational goods have
become less and less of luxury, suggesting that the additional
amount of income needed to enjoy leisure has fallen. As a
result, the typical worker spends two-thirds as much time in
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leisure activities as in work and looks forward to retirement
(Costa 1996b; Fogel 1992a, 1992b).

Given the growing and income-inelastic demand for lei-
sure that characterizes the post-Malthusian milieu of the
OECD nations, the extent to which the demand for leisure
and retirement can be throttled remains to be seen. Policy-
makers may encounter as much resistance to efforts to re-
duce the implicit subsidies for leisure as they have recently
in raising the taxes of work.

CONCLUDING COMMENTS

In setting forth this theory of technophysio evolution we
have sought to emphasize the extent to which human physi-
ology has been altered by environmental change over the past
10 generations, and particularly over the past three to four
generations. Although technophysio changes have been very
rapid from an evolutionary perspective, little of this pattern
of change is visible over a couple of decades which is half
the length of a typical biomedical career. Over such rela-
tively brief spans human physiology may seem to be more
fixed than in fact it has been intergenerationally.

We know from fly and other animal models that control-
ling the environment can greatly alter physiological function-
ing, and expand the average length of life by as much as
threefold. Of course, flies cannot control their environment,
so their life span under natural circumstances has not
changed. Humans, however, control their own environment
to a large degree, and they have greatly altered their own
physiology and average life span in relatively few genera-
tions. The current pace of technological change within and
beyond the biomedical sciences, as well as the continuing
growth in stature and the reduction in mortality rates at older
ages, suggest that technophysio evolution has not yet run its
course.'?

12. Consistent with Figurc 10, the increase in the mature staturc of
males has lcveled off in scveral rich countrics (cf. Schmidt, Jorgensen, and
Michaelson 1995). This finding does not nccessarily imply that the secular
growth is over or that staturc no longer will be uscful in forccasting trends
in mortality. The United Statcs and other nations previously have experi-
enced rencwed growth in final heights that followed periods of leveling-off
and even periods of reversal.

Although a biological theory suitable for establishing an upper limit
on human height has not emerged yet, several factors suggest that average
final heights will continuc to increase in the United States. First, in recent
years an increasing sharc of the gross increase in population, up to nearly
one-third, has been due to immigration of persons with substantially lower
averagce adult stature than natives of native parents. This factor accounts for
part of the recent leveling-off in the incrcasc in stature shown in Figure 10.

The more or less simultancous levcling-off of height in several devel-
oped countrics may be duc to common cnvironmental insults. Onc leading
candidate is the spread of smoking among women of childbearing ages dur-
ing the 1930s and 1940s. Scveral studics have shown that smoking by preg-
nant women not only retards fetal development but is associated with the
subsequent stunting of children during developmental ages and at maturity
(cf. Barker et al. 1991; Eskenazi and Bergmann 1995; Fogelman and Manor
1988; Gidding ct al. 1995; Kaplan and Salonen 1990; Rantakallio 1988;
Wheeler et al. 1995; Zaren et al. 1996).

Even if there is no further increase in staturc at maturity in native-born
persons of native-born parents, the cohort born in 1970 will be substantially
taller at older ages than the cohorts currently ages 60 and older, who were
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