
ON GROWTH AND DEVELOPMENT*

PART 1. ANATOMICAL CONSIDERATIONS

BY
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Columbia University College of Physicians and Surgeons, New York

The invitation to give the Sir Leonard Parsons
lectures carries high honour. For me the invitation
has a particular appeal, the honour a special worth,
because I had the privilege of knowing Dr. Parsons
for some 20 years. Our first encounter was in
Sweden in 1930 when we happened to be making
our way toward the International Paediatric Con-
gress by the leisurely means of the Gothenburg-
Stockholm canal ship. Professor Smellie remembers
it well, too, for he accompanied Dr. Parsons and,
like most of the passengers on board, was exploring
those unfamiliar Scandinavian waterways for the
first time. In that heterogeneous assembly of
tourists, professional people, and business men who
comprised the passenger list, the customary inclina-
tion of the individual traveller to keep to himself,
to play his hand cautiously while fixing an apprecia-
tive eye on the scenery and awaiting the turn of
events, was on its way to establishing standard
procedure. Indeed, one might at first have inferred
that the only plausible bonds among the various
groups were membership in the human race and a
common admiration for the beautiful countryside
bordering the Gotha Canal-scarcely enough,
indeed, to provide footbridges of friendliness across
the chasms of reserve which separated one from
another. Not so, however, for the Englishman of
alert and energetic air, remarkably youthful for one
whose hair was snow-white, about whom a cluster
of friends seemed to be constantly growing and who
had the knack of expressing, or transmitting some-
how without verbal expression, a sincere interest in
the aims and concerns of even the newest acquain-
tance. We met by the process of mutual self-
introduction, still much less of a shock for an
American, I suppose, than for a Briton in spite of
the changes in social custom that have taken place
over the past generation. In my luggage I had
with me a letter of introduction written on my behalf

* The Leonard Parsons Lectures delivered in Birmingham on
May 7 and 8, 1957.

by my former chief, Dr. E. A. Park, which I had
counted on presenting in due course; and on his
part Dr. Parsons had received word from some
friend of mine, asking him to keep an eye out for me
since we might be brought together at the Stockholm
meetings. Neither form of introduction proved
necessary. Dr. Parsons combined perfect courtesy
with an ability to overcome diffidence, in a manner
which equipped him admirably for the role which
he played so well and which it is quite certain he
greatly enjoyed, that of ambassador without port-
folio. This was enhanced by the hospitality of his
home, over which Lady Parsons presided with grace
and warmth, and by the renown of the Children's
Hospital, which largely by virtue of his stimulating
participation supported an active and highly
effective programme of clinical research. Over the
years Sir Leonard succeeded in influencing, in
helping, in uplifting an extraordinarily large number
of people in widely se,parated areas of the world.
My own debt to him is great indeed.

Dr. Parsons's keen interest in problems of growth
and development must have guided in some measure
the choice of subject which was assigned for these
lectures. Indeed, the impetus which he gave to
studies of the many-sided evolution of the individual
through infancy, childhood and youth toward
maturity reflects his appreciation that the effort to
understand thoroughly the growing person calls
upon every resource of the clinical art. In this
conviction, as in many others, he was ahead of his
time.
Growth is a conspicuous characteristic of the

young of any species, so much so that one whose
attention is occupied with infants and children finds
it all too easy to take growth for granted. The
natural expectation that a young person will con-
tinue to increase in stature and weight, and to
advance at the same time in maturity, is fulfilled so
often in the face of a variety of everyday vicissitudes
that one too readily believes that growth will take
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care of itself. All that is required, however, to
prick this complacent bubble is to ask oneself
whether a given individual, an infant or a child, is
growing as well as he can and as he should. Here
we come squarely up against a formidable pair of
questions, How does one determine optimal growth,
and how can it be attained?
At the outset it must be admitted that we have

no way of knowing what is best in the matter of
growth. We can establish that one rate of growth
is faster than another. Admitting the risk of a
non-sequitur, we may even assert that a new
achievement in growth, being demonstrably faster,
is therefore better-an assumption one would find
difficult indeed to prove. Even so, it is initially
only too clear that in this quest of the absolute we
cannot expect in any single step to close more than
part of the gap which separates what we know to
be attainable from that which we regard as perfec-
tion. Only in the course of infinite time can the
best in growth be approached as a limit. And the
closer we come to our goal, the more difficult it
becomes to distinguish the results of our own
manipulations from the operation of pure chance.
The student of growth depends heavily on bio-
statistical method and on tests of significance to
protect himself from false deductions.
The clinician, appreciating that in the immature

animal growth is in some degree a measure of health,
seeks a healthy population in which to attempt a
quantitative definition of satisfactory or exemplary
growth, and in doing so comes up at once against
the related question, What is health?-or, specific-
ally, Who is healthy? It is all very well for the World
Health Organization to define health as something
more positive than the absence of disease; but the
identification of the truly healthy child in objective
as well as positive terms becomes a formidable task
unless one is willing to beg the question, come
around full circle, and settle for the answer that he
is a child who is growing properly.

Inferences and deductions based on studies of
growth in experimental animals or in husbandry
have, to be sure, limited direct application to the
interpretation of growth in man. At the same time,
they have served an important function in defining
hypotheses which may then be put to the test in the
study of infants and children, either by manipulation
of the environment or by analysis of experiments
of nature. It will be found that a great many
aspects of the vast problem of nutrition in its relation
to growth prove downright misleading when
transferred from the experimental laboratory animal
to man. Certain phases of the relationship of
endocrine gland function to growth, although well

defined so far as they apply to experimental animals,
have yet to be confirmed in their application to
human subjects. A conspicuous example which
immediately comes to mind is the huge discrepancy
between the experimental demonstration of the role
of the pituitary growth hormone in the rat and the
inconclusive evidence for a comparable role (at least
with the currently available products) when efforts
are made to accelerate the growth of a child
afflicted with what we regard as hypophyseal
dwarfism. In general, then, reliable data on growth
in man are to be sought almost exclusively in the
study of man.

Linear growth as a biological event has its basis
in three fundamental phenomena: cell multiplica-
tion, increase in cell size and accumulation of
extracellular material. Each of these processes in
certain ideal circumstances follows a course which
can be described by a relatively simple mathematical
equation. Human growth, however, expressing the
result of a variety of processes taking place simul-
taneously, is not easily pinned down in concise
mathematical terms. The reasons are several: for
one thing, differentiation of tissues begins not long
after fertilization of the ovum, and single tissues
grow at different rates; again, size and shape of the
body are determined only in part by aggregates of
cells, since a large and almost continuously variable
contribution derives from inert products or accom-
paniments of cellular activity; and finally, the
momentum of growth in the individual is subject
to a variety of influences, the effects of which can
be anticipated only imperfectly. As a result, the
curve of growth as actually observed and recorded
reflects the push and pull of a number of forces;
and if it happens to coincide fairly well with the
plot of an equation of growth or with a succession
of such equations, this conformity ought perhaps
to be looked on as something of a mathematical
accident. One recoils instinctively from the notion
that mathematical elegance in studies of human
growth is to be purchased only at the price of
repeated shifting of formulas as well as of para-
meters. Such faithless promiscuity indeed departs
so far from elegance as to approach vulgarity.
Medawar (1945), in one of the essays on growth
presented in 1945 to D'Arcy Thompson, struck a
proper balance between theory and empiricism in
studies of growth when he wrote:

'Those who attach great importance to the
concrete forms of growth equations are not as a
rule put out when the whole course of growth has
to be resolved into two or more separate periods
or cycles, each to be described by special functions,
or by a single function which abruptly changes the
values of its parameters at what can here truly be
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called the psychological moment. .-. . There is
little in the development of the chicken to suggest
that its life is really punctuated by these radical
metamorphoses.'

What he said of the growth of the chick applies
to man also.
The difficulty of formulating any universal

mathematical law of human growth is pointed up
by consideration of those studies which undertake
to compare the growth of any one tissue or portion
of the body with that of other segments or of the
body as a whole. The fact that differential growth
rates of individual tissues appear early and continue
throughout foetal life has been well documented by
Scammon (1930), by Clatworthy and Anderson
(1944) and by others. Plots of the weight of
individual foetal organs or parts, measured against
foetal age, show little parallelism among the various
curves. Similar studies of foetal stores of fat,
protein, water and various mineral constituents
(Widdowson and Spray, 1951) show comparable
divergence. In healthy infants, Forbes and Perley
(1951), Ely and Sutow (1952) and Friis-Hansen
(1955) have employed a variety of devices for
measuring the total water content of the body at
different ages and have estimated both intra- and
extracellular water in relation to postnatal age.
Growth of the various fluid compartments of the
body runs fairly parallel to that of length or weight.
On the other hand, growth of total body fat follows
a curve of its own. Throughout infancy and
childhood girls tend to have more subcutaneous fat
than do boys of like age (Kornfeld, 1957; Reynolds,
1950), a circumstance for which girls often have
reason to be thankful when sea bathing is the
popular sport. The diversity of growth trends and
growth rates in such selected tissues as haemato-
poietic marrow (Osgood, 1955), fingernails (Babcock,
1955), pituitary fossa (Acheson, 1954a), head width
(Meredith, 1953) and long bones of upper and lower
extremities (Maresh, 1955) sounds a warning that
each aspect of growth deserves individual study if
experience is to have predictive value.
From clinical observations, from the studies of

anthropologists, from experiments in biological
laboratories or from knowledge of the facts of life
as seen on the farm, one can readily assemble a list
of factors which are known to influence growth and
development or which are suspected of having such
an influence. The measurement of these influences,
their evaluation in quantitative terms, is of practical
significance to clinical medicine. At the same time,
the task is one of formidable difficulty in view of
the large number of variables which operate
simultaneously.

Without attempting at the moment to assign
relative values to any of these factors which are
known or believed to affect growth, it may be of
some use to list them in rather general terms in
order to have them in mind for later comment.
On a broad scale they can be divided into three
groups: (1) Factors which are genetically
transmitted; (2) circumstances of the external
environment; and (3) conditions of the internal
environment. Concerning each one, and indeed
concerning subdivisions of each, either there has
been evidence advanced indicating an effect on
growth, the magnitude of which only remains to be
more precisely measured, or there has been fruitful
speculation leading at times to the collection of
convincing data.

Taking growth determinants in the order in which
I have just given them, I must comment first on
genetic influences. Phenotypic sex is genetically
determined, by and large, save for the few interesting
exceptions which have come to light in recent years
as a result of applying Barr's methods (1956) to
the identification of genotypic sex according to
nuclear chromatin pattern. For the most part sex
runs true to form, so to speak, being determined by
the chromosomal equipment of the particular
spermatozoon which fertilized the ovum, whether it
contained the X or the Y chromosome. Sex
differences in growth rate appear even before birth,
male foetuses being heavier and females being more
advanced in bone maturation. These sex differences
become quite pronounced somewhere around the
sixth to eighth year when in many girls the pre-
pubertal spurt begins to make itself known. The
earlier onset of the pubertal growth acceleration in
girls as compared with boys, and its earlier termina-
tion, are well documented phenomena. The greater
deposition of subcutaneous fat in girls has already
been mentioned. Sex differences are recognized,
and there is no risk of their being lost from sight.

Concerning the effect of race, ethnic group, or
whatever might be thought of as the human equiva-
lent of what we call breed in domestic animals,
it has proved difficult indeed to assemble unequivocal
data. The necessary balancing of environmental
factors such as food supply, disease experience and
general living conditions has been omitted when
measurements have been made of a circumscribed
population living in its natural surroundings; and
when through migration environments have been
equalized, or nearly so, inter-marriage over the
course of years has almost invariably beclouded
genetic interpretations. Many studies of growth
carried out over the past half century begin hope-
fully with the statement that the group of children
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studied was selected from families of 'north
European stock'. And what, exactly, does that
signify in genetic terms? Indeed, in a number of
careful growth surveys carried out in the United
States (Meredith, 1941, 1951a, 1951b), where the
difficulties of defining and interpreting so-called
racial traits are as formidable as they are likely to
be in any part of the world, the conclusion was
reached that differences in mean stature and mean
body weight found between contrasted population
groups could not be proved to be due to racial,
rather than environmental, differences.

Genetically transmitted traits other than racial
characteristics may influence growth in other
respects. Tall families and short families frequently
run true to form-so true, in fact, that the appear-
ance of a deviant of merely average stature will often
set unthinking tongues to wagging. Retardation of
growth associated with an inherited metabolic defect
such as galactosaemia or the hepatic form of glycogen
storage disease is well recognized. What is less clear
is the extent to which subclinical deviations in
functional performance may modify growth capacity.
The need for additional study along these lines is
obvious, and no student of the problem underrates
its difficulty.
Among pertinent factors of the external environ-

ment, the first item I have listed is nutrition. In
recent years the number of publications describing
the impact of dietary factors on human growth has
shown a decrease which marks a shift of the focus
of interest. Alterations in the growth of children
dependent on war or on widespread economic
depression are closely correlated with the intensity
of the fiscal disturbance, have been well documented,
and call for political and social adjustment rather
than for special attention from the medical pro-
fession (Howe and Schiller, 1952). Of more direct
concern to students of physiology are the efforts
aimed from time to time at rendering an adequate
diet even better by addition of an essential substance
which is believed to be present in marginal quantity.
For example, claims have been made for a growth-
accelerating effect of supplementation of a conven-
tional diet with small increments of vitamin B12
(Larcomb, Perry and Peterman, 1954). In view of
the small numbers included in the study, and the
probability that differences in stage of maturation
at the particular age level of the test subjects
complicated the problem of sampling, the conclu-
sions expressed by the authors may well be
interpreted with some caution. Comparable
scepticism must be applied to claims voiced by
Mulhausen (1953) for Goetsch's T-vitamin. In this
connexion mention should be made of the demon-

stration by Baptist and de Mel (1955) that Ceylonese
children reared on a cereal-legume-vegetable diet
grew as satisfactorily as did a test group for whom a
supplement of milk protein was provided. Their
subjects were between 1 and 6 years of age. Earlier
reports of similar studies carried out by Dean
(1951) and Dean and Schwartz (1954) both in
Germany and in Uganda seem somewhat more
candid in recognizing the technical difficulties
encountered.
The superiority of an adequate diet over an

inadequate one is perhaps less subtly measured in
terms of growth than by other criteria, particularly
biochemical criteria, which can define the inadequacy
more accurately than is feasible by conventional
measures of external dimensions.
Macy, whose long experience in meticulous

studies of nutrition endows her judgments with
unusual claim to respect, has tilted a lance against
the instinctivists and has asserted that appetite in
children is not to be trusted to assure appropriate
growth even in the presence of ample food and in
the absence of known infection or other disease. In
a series of experiments published in 1951 in associa-
tion with Hunscher she came to the conclusion that
for some subjects the voluntary intakes of food were
not providing sufficient calories for satisfactory
weight gains; and she stated that 'neither appetite
nor any of the known standards can be relied upon
to provide adequate food intakes for individual
children' (Macy and Hunscher, 1951). In view of
the fact that most of her subjects were between 5
and 10 years old and therefore at a highly impres-
sionable age, one cannot refrain from wondering
whether any of them were unhappy in the conditions
of the experiments. Against these more modern
studies may one not cite the observations of Clara
Davis (1928) published long ago which led her to
exactly the opposite conclusion, namely, that infants
and young children who were permitted to select
their own diet, qualitatively and quantitatively, from
both variety and abundance set before them sur-
passed in their growth over a year or more the
accepted normal standards of those times. Widdow-
son's observations (1951) in German orphanages
showed convincingly that a child's affective reaction
to supervisory personnel clearly influenced his
weight gain, overbalancing the effect of minor
differences in caloric intake. A comparable response
in statural growth, although less prominent, was
none the less detectable.
The suspicion that geographical location affects

growth rates seems implicit in many careful studies
of the problem. The device of sending a con-
valescent off to some remote region for a change of
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climate in the interests of his health is firmly
established in clinical thinking and practice. A
comparable approach to the growth question sounds
distinctly plausible. Yet as a thesis it is obstinately
resistant to rigorous proof. For some years in
the United States there lurked the suggestion that
the growth rates found in studies made in com-
munities of the Middle West and the Far West,
more rapid than those recorded from cities of the
Atlantic seaboard, supported the advice which
Horace Greeley had given so often and so
emphatically a century ago: 'Go west, young man.'
One rather expected a Texan or a Californian to
endorse the notion that out in God's country people
naturally grew bigger as well as better. But in these
comparisons longitude was not the only variable.
True enough, when it became apparent that Boston
children of 1879 or New York children of 1899
were being matched age for age with groups from
other areas, geographic location appeared to exert
less influence than did the so-called secular trend,
the gradual acceleration of growth over several
decades. Meredith, one of the most careful and
critical students of growth, reviewed the entire
subject in 1941, so far as American data were con-
cerned, and came to the conclusion that no clear
difference could be established between the growth
rates of children reared in urban as contrasted with
rural surroundings, nor between rates from different
pairs of urban communities chosen from widely
separated and representative parts of the country.
More recently Newcomer and Meredith (1951)
published observations made on a 1950 sample of
15-year-old boys from Eugene, Oregon, in which
the means for both weight and height exceeded those
of any other recorded community; but the samples
were small, and with the caution that comes of long
experience they slyly refrained from expressing an
opinion regarding their significance, so far as the
geographical factor was concerned.

Variations in growth rates with season of the year
have been recorded fairly frequently (Palmer, 1933;
Reynolds and Sontag, 1945). In studies carried
out in Maryland, gain in weight per calendar month
reached a peak in the month of October. Seasonal
acceleration of growth in height is more subtle and
considerably more difficult to demonstrate. It
seems impossible to determine with available
evidence whether such fluctuations depend directly
on the solar cycle, responding to the influence of
daylight, sunshine, environmental temperature, and
such; or whether they are indirectly related to the
solar angle and reflect the influence of changes in
diet, in school demands, in vacation mood. In at
least one study from the southern hemisphere, that

of Fitt (1924), the peaks and dips in the curve of
weight gain are in reciprocal phase, showing
maxima in April, May and June and minima in
October, November and December.

Great interest continues to be focused on evalua-
tion of the secular trend, the acceleration of growth
and maturation which children of today exhibit
in comparison with similarly selected children of
past generations. Of the phenomenon itself, the
greater height, weight, and other measurements, of
children of a given age when matched against the
records of children of the same age in their fathers'
time or earlier, no serious doubt persists. Whether
adult height is likewise increasing with time remains
somewhat in dispute, and adult weight has too little
finality about it to deserve elaborate statistical
analysis. But in respect to stature, even if one
concedes for purposes of argument that today's
adults are no taller than their forebears, the secular
trend in the growth of children is reflected in a
progressive shifting to the left of growth curves on
the time scale (Meredith, 1941 ; Weir, 1952;
Clements, 1953). Clements (1953) summarizes the
trend over a 70-year interval by showing that in
height and weight the 6-year-old of 1953 is at about
the same stage as the 71-year-old of 1883. A variety
of explanations have been offered. Berry and Cowin
(1954) point out that the increase in growth rate is
accompanied by slimmer physique. Bennholdt-
Thomsen (1942) postulated selective breeding and
selective survival of taller, more slender types, and
this position has been staunchly supported by
Freund and Maier (1952), though one is hard put
to it to understand how these ordinarily slow-
moving forces can produce in so short a space of
time the results actually found. Most students of
the secular trend have regarded it as the net expres-
sion of a variety of forces including availability of
food, understanding of nutrition, relative freedom
from significant infectious disease, purchasing
power of family units, housing, public sanitation.
Nevertheless, the paradox remains that as each
single item is individually tested for significance by
as careful matching of samples as the data and
changing conditions of the times permit, as Meredith
(1951a), Weir (1952), Clements (1953) and others
have done, a large fraction of growth acceleration
remains unexplained. Dissection of the secular
trend is, as Meredith (1951a) and Morant (1951) in
particular have emphasized, a promising assignment
for future studies.

Evaluation of the internal environment in its
bearing on growth and development amounts almost
to a paraphrasing of the paediatrician's clinical
responsibility to his patient. Simply for the purpose
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of establishing broad subdivisions I have listed four
spacious territories where the hunting is apt to be
rewarding, namely, the regions of (1) disturbances
of utilization of structural material, (2) endocrine
imbalance, (3) malformations of one sort or another,
and (4) infections of all kinds. There is little point
in attempting to survey in detail the entire area in
which the search for causes of disturbed growth
must be made, for it is all familiar territory to
clinicians and has been well set out in a number of
textbooks in common use. A word may be said,
however, about trends in the study of specific
problems of growth.
Without much question styles in clinical investiga-

tion have changed over the past few years; new ideas
and a new freedom have been introduced, and the
accuracy of identification of causes has increased
impressively. Emphasis has shifted from concern
over the minutiae of the diet to a more careful
appraisal of the patient himself. The trend in
feeding practices toward encouraging a child to be
omnivorous from an early age has amply demon-
strated that excellent growth may be attained with
a quite wide variety of menus. A deficient diet can
still account for slow growth, but this is seldom
encountered nowadays in your country or in mine
save when ignorance and superstition have com-
bined with economic restrictions to limit the child's
freedom of selection. And with the shifting of focus
to the patient and the increasing application of
modern diagnostic aids, new causes emerge as the
agents responsible for retarded growth: specific
enzyme deficiencies such as galactosaemia or hepatic
glycogen storage disease; the endocrine imbalance
which accompanies the fundamental gonadal dis-
turbance in Turner's syndrome; coarctation of the
aorta, pancreatic fibrosis, a variety of anomalies of
the kidney; and such vaguely localized functional
curiosities as the severe form of idiopathic hyper-
calcaemia (Schlesinger, Butler and Black, 1956).
The only purpose of this fragmentary enumeration
is to emphasize the point that over a relatively short
space of time such as the past 20 years, means have
not only been found but also popularized and made
widely available for the accurate identification of
responsible factors in problems of growth and
development. Save for the reflection that perhaps
the richest ores have already been mined and that
those who come after may have to dig deeper and
employ more elaborate refining processes, there is
no reason to anticipate an important slacking off
of progress in finding explanations. Finding
remedies is, of course, another matter.
Thus far I have chosen to rehearse in summary

fashion and in general terms some of the factors

which influence growth-linear growth, increase in
weight-without giving due attention to maturation
or development. All of the causative agencies just
referred to exert an analogous effect on maturation,
usually in the same direction or with the same sign.

Maturity has been defined as the state of complete
natural development, and degree of maturation may
be looked on as a station along the way. Let us
first consider skeletal maturation. The task of
evaluating it is usually handed over to the radio-
logist, who studies whatever radiographs he con-
siders appropriate-the hand and wrist, perhaps a
knee or foot, or even one-half of the skeleton-and,
taking account of the patient's sex, reports back
that skeletal maturation is within normal limits for
a boy or girl of stated age, or perhaps is abnormal.
In the latter event, if the skeletal maturation is
alleged to be retarded, or if it is advanced, the
question of degree is certain to come up.

Several methods are in common use for evaluating
skeletal maturation. In one, films of the patient's
hand and wrist are compared with standards con-
tained in an atlas, perhaps Todd's original atlas
(1937), or the later modification published by
Greulich and Pyle (1950). With either standard of
reference, the patient's film is graded as being
equivalent to a certain bone age for the correspond-
ing sex. Todd himself had apparently expected two
assessors of unequal experience to rate maturation
within about six months in a given case. Those
who have used his atlas subsequently have often
appeared to be somewhat more confident of their
ability to pinpoint a maturational rating. In recent
studies (Dreizen, Snodgrasse, Webb-Peploe, Parker
and Spies, 1957) made on white children living in
Alabama, it was found that when the two hands
were compared, the skeletal age of the right hand
exceeded that of the left hand in 52%, was equal
in 26%, and was less than that of the left hand in
22%. The greatest disparity was found in the
epiphysis of the radius where the two sides got an
equal rating in only 22% of the cases. In respect
to individual centres in the carpus, the two wrists
of a given individual might justify a reading differing
by as much as 12 months' bone age or even more.

Mainland (1953, 1954) carried out an important
study of both the systematic errors and the variable
errors inherent in the method of estimating skeletal
maturation by comparison of the patient's radio-
graph with a standard atlas. Pressing his wife into
service as an assessor without previous experience,
and therefore presumably without prejudice, he
persuaded her to evaluate bone age in several films
of the hand, the only information furnished being
the sex of the subject. After an interval of several
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months, the same films were reassessed in a different
sequence. She then compared her readings with
those which had previously been made by Todd and
his collaborators on these identical radiographs.
Later, she repeated the same procedure using the
Greulich and Pyle atlas. On the whole, she tended
to read skeletal ages lower than did the experts.
Her systematic error was quite variable. The
conclusion was drawn that the method was better
adapted to determination of the average skeletal age
of a group of children than to the assessment of
bone maturation of an individual child, especially
from a single film. The variable error was calculated
from the scores made by the same assessor on
different occasions, sufficiently separated in time so
that memory would play no part. The irregular
variation found between independent readings of
the same film amounted to a standard deviation of
three or four months. This means that, depending
upon the age of the subject, the assessor would have
to attach an error of ±8 to 11 months to his estimate
of skeletal maturation in order to achieve 95%
significance. In other words, one must not look for
greater accuracy than the method itself admits; and
perhaps some caution is warranted before one
accepts a maturation rating at its face value.

Another method consists in the counting of
centres of ossification in one-half of the body, a
technique popularized by Elgenmark (1946) and by
Harding (1952). Essentially it is an extension of
earlier techniques in which centres were counted
only in the hands and feet. The method has the
great advantage of objectivity in scoring, since the
presence of a calcified centre, rather than its pattern,
constitutes the basis of evaluation. In common
with the atlas method, this one has the advantage of
making it relatively easy to state whether a given
patient's bone maturation is accelerated or retarded,
but the disadvantage of making it difficult to express
this deviation in maturational units.
The list of procedures for evaluating skeletal

maturation could be extended if there were much
point in doing so. The large number of different
techniques advocated and in use indicates that none
has been found wholly satisfactory-an all too
common situation in clinical therapeutics. I am
well aware that this question has enlisted the interest
of Acheson (1954b) and his group (Acheson, Kemp
and Parfit, 1955) at the Social Medicine Unit of
Oxford University, and it is to be hoped that their
exploitation of the system of scoring by 'Oxford
maturity units' will overcome the difficulties
experienced with other methods of assessment. By
scoring both hands for each evaluation they do
indeed avoid the irregularity which results from

chance inequalities of bone pattern in the two hands.
Careful as they have been in the timing of the ages
of their subjects who have served to set the pattern,
it is not yet entirely clear whether the increment
in maturity from, say, 5 to 6 maturity units, is
equivalent to the increment from 20 to 21 units.
In other words, has linearity been fully established?
Another practical difficulty, soon to be resolved no
doubt, is that thus far the published standards
extend only up to age 6 years. But the basic
principle of scoring maturation in maturity units
or in fractions of ultimate maturity, and not
in time units, represents a distinct advance over
the older and more prevalent device of register-
ing bone maturation in terms of so-called bone
age.
Other means of estimating maturation are avail-

able besides the pattern of bones as seen in radio-
graphs. The eruption and exfoliation of teeth
follow trends which enable one to estimate so-called
dental age objectively and quite accurately. The
bodily changes which mark the process of sexual
maturation normally follow fairly well defined
sequences and lend themselves to semi-quantitative
evaluation. Likewise, patterns of neuromuscular
behaviour and of intellectual attainment ordinarily
show a correlation with chronological age which
provides a useful tool in the assessment of an
individual child's functional capabilities, if one is
looking ahead, or of his achievements in neural
organization and mental growth, if one is more
interested in measurement of past attainment.
Independent evaluation of these several functions is
of enormous value in the diagnosis of endocrine
disturbances like hypothyroidism, and in the
titration of results of replacement therapy. Indeed,
every well organized endocrine clinic relies heavily
on a battery of tests of maturation in following
examples of retarded or accelerated growth and
development of all sorts, for it is in these endocrine
clinics where, rightly or wrongly, such patients
usually land. Every clinical investigator who has
probed deeply into problems of disturbed growth
and development (Prader and Perabo, 1952;
Talbot, Sobel, McArthur and Crawford, 1952;
Wilkins, 1950) has focused due attention on what
might be called differential maturation. Perhaps
the odd feature of current practices in this regard is
the limited number of fields which the clinician
concerned with problems of growth has been willing
to cultivate intensively. It seems probable that
future efforts will devote more attention than is now
customary to the wide variety of functional aspects
of development which invite exploration, as con-
trasted with the rather limited anatomical territory
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in which the search for measurable components now
tends to operate.

Careful studies of the complex processes of
puberty and adolescence, of which a number have
been organized in the past few decades, have thrown
fresh light on growth and development from several
points of view. It has become clear, for one thing,
that a secular trend in earlier sexual maturation
of girls is discernible over broad spans of time such
as 50 or 100 years (Brock, 1954). A comparable
acceleration in sexual maturation of boys, although
less firmly substantiated, is nevertheless highly
probable. With earlier maturation goes earlier
appearance of the prepubertal growth spurt; and
while this precession of the normal childhood
acceleration of linear increase is readily demon-
strable in the average behaviour of large populations,
its effects are most conspicuous when measured in the
individual child. Earlier onset of the growth spurt
goes hand in hand with earlier attainment of
maximal rate and also with earlier attainment of
the limit of linear growth. In other words, the
secular trend shows both boys and girls reaching
mature height at a younger age: for boys, according
to Clements (1954), at age 17 years 9 months on
the average, with a standard deviation of close to
10 months; for girls, at a mean age of about
16 years 3 months with a standard deviation of
13 6 months. Evaluation of skeletal maturation
with relation to age and attained height has per-
mitted certain students of growth problems (Bayley,
1956; Bayley and Pinneau, 1952; Tanner, 1955)
to predict ultimate height with greater accuracy
than would be possible on the basis of age and
height alone. In the management of problems of
endocrine imbalance associated with dwarfism,
maturational aspects of development are accorded
fully as much attention in the assessment of treat-
ment as are the simple linear aspects of growth.
These considerations have become all the more
important since pharmacological agents now avail-
able have sufficient potency to accelerate skeletal
maturation to a harmful degree in that, by speeding up
the process, they can actually cause fusion ofepiphy-
ses, and therefore cessation of growth, before the
patient's inherent growth potential has been
realized.
Now, although most of the factors which influence

growth have been touched only lightly and many
have not been mentioned at all, it is appropriate
to return to the basic clinical situation, the physician
confronted with a patient, a growing patient. With
respect to the patient's growth status the physician
formulates a hypothesis which takes one of three
forms : (1) Up to now the child has grown

adequately; or (2) his growth has been insufficient;
or (3) it appears to have been excessive. The
hypothesis is now to be tested by measurement of
the patient and matching his measurements against
some standard of reference. Most doctors have
messed around sufficiently with tape measures,
scales and clocks to understand the technique of
mensuration and to know when and how mistakes
are commonly made. They realize that every
measurement involves an error of mensuration, and
they understand fairly well that when two compar-
able measurements are added together, the error
of the sum is somewhere between the smaller of the
two individual errors and twice the larger of the
two. I suspect it is not so clearly appreciated that
when one measurement is divided by another, in
order to obtain a ratio, the error of the quotient may
be very much greater than the error of the sum.
This risk of self-deception applies to such apparently
innocent procedures as obtaining a cardiothoracic
index, or the ratio of the linear measurements
crown-to-pubis over pubis-to-heel.
At this early stage of evaluation, in the first-order

testing of the three simple, basic hypotheses just
mentioned, what dimensions need to be measured?
Is it enough to weigh the patient and to record a
single linear index such as standing height or
recumbent length? Or should one follow the lead
of the students of growth and include sitting height,
span, head width, head circumference, shoulder width,
intercristal diameter, intertrochanteric diameter,
thickness of subcutaneous tissues, and so on?
Practices do indeed vary widely. On the whole,
I would defend the simplest sort of evaluation at
this stage, leaving until later the more meticulous
and detailed measurement in the event that examina-
tion did actually bring out evidence of growth
disturbance. Every physical examination of an
infant or child should comprise a sort of battery
of assessments-of body build, organ size, dental
maturation, neuromuscular development, even in a
rough way mental competence, all with relation to
attained age. Any unusual findings turning up in
the course of a thorough clinical evaluation will
then point the way toward those specific dimensions
which one will later want to watch with particular
care. As I review my own sins of omission I have
no inclination to regret that I have refrained from
subjecting hospital and clinic patients to detailed
routine measurements merely for the sake of accumu-
lating data, but I do wish that some of the time thus
saved had been devoted to a more detailed explora-
tion of the course of growth in those patients whose
clinical problem was found to include impairment
or acceleration of growth.
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ON GROWTH AND DEVELOPMENT

What standard of reference is now to be used in
judging the adequacy of growth? Ideally, of course,
the frame of reference for the individual patient
ought to be a healthy population of his own general
group. In most situations no such standard is
available, and the clinician must then ask himself
how much difference it makes in actual practice to
refer to whatever growth tables are at hand. If
the inquiring physician happens to be over-
conscientious and consults more than one set of
tables, he is almost certain to find divergent answers
and to become progressively more confused and
unhappy the farther he searches. At this stage of
the assessment of a clinical problem it seems to me
to make little difference whether the frame of
reference used is new or somewhat less than new,
provided it has been so designed as to afford a
convenient way of estimating, either through
calculated percentiles or through multiples of the
standard deviation, the degree to which the patient
under scrutiny varies from the given mean for his
age and sex. Tanner (1952) has put the problem in
proper perspective by pointing out that one's criteria
for separating normal from abnormal depend largely
on what is planned as the next step: if the next
step is to be closer study of the patient, then one
will be far more willing to classify a measurement
as abnormal than if the decision is tantamount to
relegating the patient to some corner of limbo. In
this respect it is a fortunate accident of history that
in growth matters the standards of reference, the
available tables of height and weight for age and
sex, have usually lagged some years behind the uses
to which they are put; and in view of the secular
trend toward acceleration, the net effect has been
to provide a somewhat spurious satisfaction with
modest achievement. When the practical outcome
of the evaluation of new measurements by old
criteria has been to allay suspicion in respect to
marginally retarded growth, the resulting tranquillity
has no doubt been all to the good, so long as really
pressing problems are not entirely overlooked. And
on the other side of the coin, no great harm is done
when the practitioner pats himself on the back
because the great majority of patients under his care
are above average in their growth attainment, again
by comparison with outdated standards of reference.
Once it has been admitted that the individual

child presents a problem in growth, because his
achievement thus far leaves something to be desired,
the next questions, How fast is he growing, and
Will his rate of growth enable him to close the gap
eventually? are of a quite different order of technical
complexity. Students of growth (Meredith and
Meredith, 1950; Shuttleworth, 1951 ; Tanner,

1952) extol the study of growth rates and point
out how much more is to be learned from a know-
ledge of the speed of growth at a given age than
from the mere attainment of length or whatever
other dimension in relation to chronological age.
At the same time it must be kept in mind that with
inaccurately measured linear dimensions separated
by too short a time interval the error of measurement
can easily lead to absurdity. While I am quite
prepared to agree that the most accurate evaluations
of growth progress are attainable through careful
determinations of rate in relation to stage of
maturation, it is perhaps permissible to express a
word of caution to the clinician who might be
tempted to approach this assignment lightly.

Rate of growth in relation to stage of maturation
-this is really the gist of the problem of assessment
of the individual. It sounds easy, actually it is
difficult, and yet even with all its possible sources of
error it can be rewarding in its prediction of later
performance. The accuracy with which chrono-
logical age can be measured, to four, five, or even
six significant figures, must not be allowed to lure
us into excessive faith in the value of the time dimen-
sion when we are trying to learn whether the patient
before us has a favourable chance of growing into
a pleasing and effective adult. At any given age
the range of acceptable variation about a mean
value may be quite large-more for some dimensions
than for others. For boys 3 years of age, for

example, the coefficient of variation ( S.D.
Mean

for height is of the order of 3, for weight of the order
of 10 (Thomson, 1956), and for skeletal maturation
by the Elgenmark technique of the order of 30. The
paradox is that in our actual evaluation of the
patient, especially if he shows evidence of endocrine
imbalance, our predictions and sometimes our diag-
nostic judgments rely fully as much on our estimate
of maturation, the most variable of the dimensions
measured, as on any of the other parameters. Again,
one must plead for more intensive study of all
aspects of maturation in order that our tools of
measurement may be brought to ever finer calibra-
tion. In the assessment of the problems of
adolescents, in whom the vagaries of sexual matura-
tion are closely bound up with emotional adjust-
ments as well as with simple physical growth, we
have to recognize that much remains to be accom-
plished. In spite of the meticulous studies of Bryan
and Greenberg (1952), of Hogben, Waterhouse and
Hogben (1948), of Shuttleworth (1951) and others,
it would seem premature to claim that the measure-
ment of sexual maturation has been put on an
altogether satisfactory quantitative basis.
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270 ARCHIVES OF DISEASE IN CHILDHOOD

Growth and development encompass too large
an area to permit one to summarize the current
-state of our information with any sense of content-
ment. In a condensation such as I have attempted,
omissions are unavoidable, and distortions are
certain to intrude. I have tried to bring to the fore
those features which seem to me of relative signi-
ficance in the clinical evaluation of a patient's status
and prospects-in his anatomical assessment at a
time when he is still short of full maturity. In the
course of the past several years improvements have
been made in the techniques of measurement,
though most of these are not of major importance.
A more significant advance lies in greater acceptance
of the range of expected variation consistent with
health, in willingness to consider a variety of
possible causes when growth disturbance is recog-
nized, and, finally, in appreciation that the patient
himself deserves intensive study as well as his
background and his environment.
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PART II. PHYSIOLOGICAL CONSIDERATIONS

Physiological maturation represents in some
degree the process of adaptation to the new require-
ments of a changing environment.

Perhaps the first task of the infant at birth is to
insure for himself a proper supply of oxygen in the
shift from placental to pulmonary respiration. By
and large, this adjustment is one which he achieves
by his own efforts. What we can do for him
remains rather tentative in spite of the vagaries of
fashion with respect to techniques of what we are
still pleased to call resuscitation.

Great uncertainty still surrounds the concept of
what actually represents a proper oxygen supply
for a newborn infant. There is good reason to
believe that the oxygen requirement of the newborn

infant is not by any means as immediately pressing
as would be that of an older individual in compar-
able circumstances. Indeed, studies of postnatal
oxygen saturation of arterial or capillary blood
(Apgar, Girdany, McIntosh and Taylor, 1955) have
disclosed a wide range of variation in the time
required for individual infants to attain an arterial
oxygen pressure believed to be necessary for trans-
port of oxygen in adequate quantity to the tissues.
Some of the newborn infants whose blood oxygen
we followed at intervals over the course of the first
three hours after delivery were still showing blood
oxygen levels of less than 5 volumes per 100 ml. as
late as 15 minutes after birth, and a few for even
longer; yet in subsequent evaluation three to five
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ON GROWTH AND DEVELOPMENT
years later they exhibited no demonstrable residua
of their earlier hypoxaemia. The battery of tests
to which these subjects were exposed included a
careful history to uncover any episodes which might
be classed as seizures, a detailed neurological
examination and formal psychometric evaluation
by a modification of the Stanford-Binet test. On
comparison with controls, the patients who in early
infancy had been exposed to low blood oxygen
pressures had progressed as satisfactorily as had
their more briskly oxygenated fellows in the
observational group. These somewhat reassuring
results stand in sharp contrast to the prevalent
tendency among neuropathologists to attribute a
number of clinical syndromes, including cerebral
lesions, to the action of postnatal anoxia (Wolf
and Cowen, 1954), even when the historical evidence
for anoxaemia is unimpressive. While the bio-
chemical studies referred to have served to remove
some of the blame from the long-suffering whipping
boy, postnatal anoxaemia, too readily accused of
responsibility for such sequelae as mental retarda-
tion, cerebral palsy, or epileptic seizures, the role
of prenatal anoxia remains largely unexplored,
unmeasured. Uncertainty in regard to the oxygen
requirement of premature infants is even more
formidable, for in this area of the special bio-
chemistry of the immature subject we are still
groping for fundamental information.

Tolerance of the foetal and newborn mammal for
low oxygen pressures at the tissue level has long been
established for experimental animals and seems to
be related to an alternative capacity to derive energy
from carbohydrate breakdown through a process of
anaerobic glycolysis (Wilson, Reardon and
Murayama, 1948). Evidence that the human foetus
possesses this capacity for anaerobic glycolysis has
only recently been obtained (Villee, 1957). How
long such a capacity for biochemical legerdemain
persists, how long after the infant's birth it con-
stitutes an available resource, is not yet certain.
While it lasts, it apparently purchases energy at the
cost of accumulation of non-volatile metabolic
breakdown products, especially lactic and pyruvic
acids, which cannot be got rid of as rapidly as can
carbon dioxide and water. One result is the
temporary establishment in the newborn infant of a
metabolic acidosis which is expressed in the plasma
by depression of the pH and of the concentration
of bicarbonate ions. For some time following birth
many premature infants exhibit periodic breathing
in room air but can be made to breathe regularly
when placed in an oxygen-enriched atmosphere.
Wilson and his colleagues (1948) interpreted this
phenomenon as evidence that the premature infant

is apt to be incapable of meeting his full oxygen
requirements by breathing ordinary room air.
Nowadays, on the other hand, such evidence which
might make one wish to enrich the oxygen content
of the atmosphere to which premature infants are
exposed is heavily counterbalanced by the risk of
inducing retrolental fibroplasia (Crosse and Evans,
1952). An interesting observation on the develop-
mental aspects of susceptibility to retrolental fibro-
plasia is the demonstration that, when once the
retinal vessels have grown far enough to reach the
ora serrata, they are no longer readily vulnerable
to high oxygen injury (Ashton, Ward and Serpell,
1954).
The role of foetal haemoglobin in determining the

transient peculiarities of oxygen utilization of the
newborn infant has not yet been fully elucidated.
The blood of premature infants has been shown by
Jonxis (1949) and by Cook, Brodie and Allen (1957)
to contain relatively large proportions of foetal
haemoglobin, averaging close to 90% of total
haemoglobin, while the blood of mature newborn
infants contains somewhat less, averaging about
72%. Although foetal haemoglobin is known to
take up oxygen in the alveoli more readily than
does adult haemoglobin, at the same time it gives
up oxygen less readily to the tissues. The latter
characteristic has been offered as a partial explana-
tion of the relative anoxia of premature infants.
Whilst the concentration of carbonic anhydrase in
the newborn infant's blood is only about half that
of the adult, and in the premature infant as little
as one-quarter (Stevenson, 1943), there is no proof
that these reduced quantities of the enzyme con-
stitute a physiological handicap (Day and Du Pan,
1949). In other words, shortage of carbonic
anhydrase cannot be offered as an explanation of
inadequate pulmonary alveolar exchange of C02
for 02. Save for the accurate mapping of the
disappearance of foetal haemoglobin from the
infant's blood with time and growth (Jonxis, 1949),
most of the biochemical and physiological changes
just described which have to do with oxygen supplies
have not been fully exploited as maturational
phenomena.
The infant's ability to regulate his body tempera-

ture is dependent in part on his state of maturity.
With falling body temperature the point at which
shivering begins is lower in the premature infant
than in one born at term; some very small infants
in fact fail to show reflex shivering at all. With
rising body temperature the premature infant is
again at a disadvantage in that his deficient sweat
production (Day, Curtis and Kelly, 1943) deprives
him of the ability to lose heat by evaporation of
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water from the skin surface. His relative poverty in
subcutaneous fat adds to his difficulties in that,
lacking its insulating properties, his tissues as a
whole have a relatively high thermal conductance.
The smaller the subject, the higher is the ratio of
surface area to body weight, a potentially important
aspect of heat gain or loss by convection and con-
duction. The practical significance of relatively
large surface area, however, in the maintenance of
steady temperature must in point of fact be of
secondary order, for it is common to observe a
gradual stabilization of a premature infant's body
temperature, showing as a decrease in the excursion
from highest to lowest point in a 24-hour cycle, long
before gain in weight has accounted for more than
a minute drop in the ratio of surface area to mass.

Observations documenting the development of
the functions just mentioned are fragmentary in
comparison with studies of renal regulatory capacity
in early life, most of which have been carried out
in the past decade. Only a brief and quite in-
adequate summary can be offered in this context.
The ingenious investigations of McCance and
Widdowson (1953) throw light on renal performance
before birth as well as afterward. Urine collected
from infants at the moment of birth, and therefore
formed some time before, was compared with
maternal urine and with urine excreted later by the
infant. Prenatal urine was characterized by low
osmolarity, less than half that of the cord serum,
to which NaCl contributed a relatively large fraction
and urea a small fraction; it usually contained a
little more Na than Cl, comparatively little K, and
only traces of inorganic P. These findings provoke
interesting speculation as to the source of excess
water over and above foetal growth requirements,
and one must wonder also whether the foetal kidney
is capable of responding to the antidiuretic hormone
of posterior pituitary or to parathyroid hormone.

In order to explore the transition from intra-
uterine to extra-uterine life, McCance and Widdow-
son (1954) then studied the urine excreted in the
first two days of life by infants who during this
period were given no food and little water, in all,
only about 25 ml. of water over the course of
48 hours. In these circumstances the substances
presenting for renal excretion are almost exclusively
those wNhich the infant brings with him into the
extra-uterine environment or produces in the course
of his own energy release. Although the volume
of urine passed was small, as would be expected with
essentially no intake of fluid, its osmolar concen-
tration rose only moderately from the relatively
low level of solutes found in prenatally formed urine.
Indeed, its average osmolar concentration during

the first two days after birth was only about one-
third that which would be attained in the urine of
adult subjects in comparable conditions of fasting
and thirsting. Both urea clearance and glomerular
filtration rates were at this stage low in comparison
with values which one might expect of an older
subject in relation to the volume of body water.
These and other findings may be looked on as

manifestations of relative immaturity of renal
function in the immediately postnatal period and
in the first few weeks of extra-uterine life. Impres-
sive ingenuity has been expended by a number of
investigators (Rubin, Bruck and Rapoport, 1949;
Vesterdal and Tudvad, 1949; McCance, 1950;
Barnett, Vesterdal, McNamara and Lauson, 1952;
McCance, Naylor and Widdowson, 1954) in defining
with ever greater precision the quantitative aspects
of this feature of physiological maturation. In view
of the variety of methods used, substances measured
and conditions of experiment, the coincidence of
results and the agreement in interpretations appear
little short of remarkable. Whether glomerular
filtration rate is estimated by clearance of endo-
genous creatinine, mannitol, or inulin, all workers
concede that immediately after birth the rate is
relatively low, that it begins to rise almost at once,
and that in the course of several days or weeks,
possibly as long as a few months, it reaches values
corresponding to those found in older subjects.
The performance of the infant's kidney, if it is to
be compared with that of an older, larger, and
more mature person, must be brought into some
common frame of reference such as weight, height
or surface area. By general agreement all earlier
workers evaluated their results after calculating
equivalence with a subject benevolently endowed
with the arbitrary standard surface area of 1-73
square metres. McCance and his colleagues (1954)
introduced the device of referring urine flow and
other renal functions to total body water, rather
than to surface area. Although this calculation
involves certain assumptions which may not be
strictly valid for the individual infant, it does strive
to relate renal performance to a bodily dimension
more closely identified with what one expects of the
kidney than is surface area. We do ask the kidney
to maintain homeostasis with respect to water and
electrolytes and other dissolved substances occupy-
ing the fluid compartments of the internal environ-
ment, and body water seems to be the kidney's
direct business. Application of these calculations
has the effect of bringing the infant's glomerular
filtration rate close to the adult level at a much
earlier age, within a month after birth, for instance,
rather than in four months to a year as some earlier
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ON GROWTH AND DEVELOPMENT

estimates suggested. The use of calculated total
body water as a frame of reference for evaluating
renal functional maturation is not necessarily
justified because it appears to accelerate adjustment
to the circumstances of extra-uterine existence.
Indeed, the possibility of an even more satisfactory
criterion being exposed by closer study of the
problem cannot be excluded from our speculations.
Another feature of renal function, clearance of

those particular substances like para-aminohippurate
and diodrast ('diodone') which are dealt with
primarily in the tubules, is likewise found to be
relatively low at birth, increasing with age but at
a slower rate than the spontaneous rise in glomerular
filtration rate previously mentioned. One practical
result of relative immaturity of the young infant's
kidney is his sluggishness in excreting certain sub-
stances used in treatment of infections, like peni-
cillin, which leave the body chiefly by tubular
excretion. It thus is easier with small infants to
sustain a given plasma concentration of penicillin
with doses usually used in therapy.
The ability of young infants to excrete a large

dose of water administered by stomach tube has
been studied by McCance et al. (1954). Again it
becomes difficult to know precisely how to put
small infants on the same footing as the adults
with whom they are to be compared; but when
subjects of any age were given over a brief interval
a dose of water amounting to 5% of their body
weight, its excretion was appreciably less efficient
on the part of infants younger than 3 weeks of age.
Whereas an adult could regularly excrete 90% of
the administered dose within four hours, infants
managed in the same period of time to get rid of
an average of only 57% of the test load. In
addition, the infant was incapable of excreting urine
of quite as low osmolar concentration as could the
adult at the peak of diuresis. It should be added
that other workers, whose results in general were in
agreement with those of McCance and his group
just quoted, differed in regard to the last point in
that they succeeded in causing young infants, even
premature infants weighing less than 2,500 g., to
excrete urine fully as dilute as that produced by
more mature subjects. Barnett and his colleagues
(1952), for example, by imposing a water load of
40 ml. per kg. of body weight in premature infants
reduced the urine concentration of their subjects
to the level of 40 to 60 m.osmol./l. at the moment
of maximal diuresis, which is the same as saying
that they were unable to bring out evidence of
renal functional immaturity even in their very small
patients, so far as the ability to eliminate superfluous
water was concerned. They made the point,

however, that the ability to excrete urine of low
osmolar concentration is a function of postnatal
age, rather than of body weight. Thus, their
patients aged 5 to 8 days showed a limited capacity
to excrete dilute urine, while another subject, a
premature infant 36 days of age whose body weight
had reached only 2,460 g. at the time of the test,
reacted to the water load in a manner comparable
to that of an adult.

In this connexion the investigations of Ames
(1953) should be mentioned. Although her primary
goal was to explore the function of the posterior
hypophysis in the first days after birth and to learn
whether the newborn infant's kidney would respond
to antidiuretic hormone, her studies brought out
interesting aspects of the process of maturation.
Water administration comparable to that used in
the experiments referred to a moment ago disclosed
that, in general, infants less than 3 days of age
exhibit little, if any, diuresis in response to a water
load. This situation changes rapidly, however, with
increasing postnatal age and by one month after
birth all infants in her study were capable of
excreting 85% or more of the administered load
within the course of two hours. One very small
infant of birth weight 1,200 g. excreted only 50%
of the administered water load within two hours
at the age of 4 days, but by 12 days of age accounted
for 100%. Since no water diuresis could be demon-
strated in infants younger than 3 days of age, no
response to injected antidiuretic hormone was
expected or found ; but in older infants, that is,
older than 3 days of age, who were showing a brisk
diuresis in response to administered water, injection
of as little as 0 5 milli-unit of pitressin intravenously
invariably checked diuresis promptly. When infants
less than 3 days of age were subjected to a period
of thirsting of six or eight hours' duration and their
urine collected and analysed for anti-diuretic
hormone, relatively large amounts of the hormone
were demonstrable, the average concentration being
1 25 ±0 25 milli-units per ml. This proves that the
posterior hypophysis is indeed capable of function-
ing at this age and of responding to the stimulus of
mild thirst.

Liver function is difficult to measure at any age,
and few investigators have been bold enough to
attempt to observe maturation of any single
component of this complicated field. Mollison and
Cutbush (1949) took advantage of the accessibility
of the umbilical vein in infants less than six hours
old to inject bromsulphalein and measure the speed
of its disappearance from circulation. In general,
the rate of clearance was very much slower in these
infants than it was in adults to whom an analogous
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dose of 5 mg./kg. body weight had been given.
The difference was ascribed to immaturity of hepatic
excretory function. Their patients were followed
long enough to observe the severity of physiological
jaundice appearing in the course of the next few
days, and no gross difference was found, in regard
to bromsulphalein clearance, between those who
later became jaundiced and those with lower degrees
of bilirubinaemia. A somewhat similar study was
carried out by Yudkin, Gellis and Lappen (1949)
in which, again, bromsulphalein was administered
intravenously to infants at various ages up to
9 days. Excretion was delayed in all. Although
the degree of delay diminished with increasing age
of the subjects, the rate of excretion was still sluggish
in a 9-day-old veteran, the oldest one included, in
comparison with adult standards. It would seem
obviously desirable to pursue such studies long
enough to learn when the mature level of brom-
sulphalein excretion is reached.

Excretion of bilirubin by young infants was
studied by Fashena (1948) in relation to the occur-
rence of physiological jaundice of the newborn.
Functional immaturity of the liver had long ago
been postulated on theoretical considerations as one
of the plausible determinants of neonatal jaundice,
since no satisfactory correlation could be found
between the degree of bilirubinaemia and the
postnatal fall of haemoglobin concentration, red
blood cell count or haematocrit level in the
peripheral blood. Determination of the velocity of
excretion of bilirubin (Weech, Vann and Grillo,
1941) as a liver function test has the double advantage
that it employs in the load test a natural substance,
rather than a totally extraneous one like brom-
sulphalein, and that it can be carried out without
risk in the presence of hyperbilirubinaemia and
clinical jaundice. All infants included in the study
were tested during the first week of life. Those
whose blood before loading showed a serum bili-
rubin level higher than 2-4 mg./100 ml. invariably
displayed sluggish excretion of bilirubin, with a
velocity constant lower than 2 0 x I0- mg. units.
(The smaller the constant, the more limited is
excretory function.) Those whose serum bilirubin
level was lower than 1 mg./100 ml. before application
of the test had a velocity constant equal to or greater
than 2- 8 x 10`, reflecting satisfactory excretory
function. In four infants who exhibited impaired
excretion during the course of hyperbilirubinaemia
and physiological jaundice, a second test repeated
after the lapse of four to eight days showed that the
velocity constant had now risen to normal level.
The inference seems clear that many, not all, infants
have immature hepatic excretory function for

bilirubin during the first few days following birth,
and that in the course of time mature function can
be expected to develop spontaneously.
Many liver function tests which can be employed

in older subjects in the study of disease have yielded
little more than confusion when applied to young
infants in an effort to measure the maturational
process, so that useful information extends but little
farther than the brief summary of work just cited.
A new area has recently been opened up, however,
which bids fair to add greatly to our knowledge of
physiological development. I refer to the matura-
tion of hepatic cellular enzyme systems. An early
lead was given by the observation of Levine, Gordon
and Marples (1941) that premature infants fed a
high-protein diet without ascorbic acid excreted
large amounts of hydroxyphenyl compounds in
their urine, that mature infants would excrete these
substances only if fed rather large amounts of the
precursor amino-acids d, I-phenylalanine or 1-tyro-
sine, and that in either premature or mature infants
who showed the trait the excretion of these unusual
hydroxyphenyl compounds could be promptly
abolished by administration of large amounts of
ascorbic acid. The phenomenon when it was first
studied was recognized as having attributes of a
maturational episode, but little attention was for a
time attached to the possibility of its being localized
in hepatic ceUs. Quite recently Kretchmer, Levine,
McNamara and Barnett (1956) have devised
techniques for studying soluble enzyme systems
extracted from hepatic cells obtained from human
livers, and have been able to measure the progressive
development of specific enzyme constellations such
as the tyrosine oxidizing system. Premature infants,
full-term infants and adults formed three contrasting
groups, with enzyme activity increasing in propor-
tion to the figures 1 for prematures, 5 for mature
infants and 20 for adults, whether comparison was
made on the basis of wet weight of liver tissue
originally used as source, milligrams of nitrogen in
the enzyme solution, desoxyribonucleic acid content
of the homogenate of liver cells or surface area of
the subject. These initial studies explored only the
tyrosine oxidizing system. In a subsequent exten-
sion of the work Kretchmer, Levine and McNamara
(1957) demonstrated a relative lack of p-hydroxy-
phenylpyruvate oxidase activity in the livers of
small infants, which could be partly overcome
in vitro by the addition of relatively large quantities
of ascorbic acid. The response of this particular
enzyme system to ascorbic acid -seemed to be
dependent upon the weight of the infant, again
suggesting a maturational phenomenon.
The fact that immaturity of these highly specific
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ON GROWTH AND DEVELOPMENT

hepatic cell enzyme systems results in urinary
excretion of substances not ordinarily found there
affords certain promise of an impending flood of
new discoveries in the general picture of maturation
of liver function. The element of chance ordinarily
inherent in divination of the future is entirely
removed from this particular prophecy by recent
demonstration of the pattern of urinary amino-acid
excretion in foetuses, premature infants, and mature
infants of various ages. Norton, Pratt and Hassel-
meyer (1954) have confined their study almost
entirely to premature infants, while Woolf and
Norman (1957) extended theirs to include a variety
of ages and stages of maturity. The pattern is a
complicated one but at the same time strongly
consistent in the appearance and disappearance of
individual components. This consistency applies
not only to the excretion of amino-acids but to that
of other substances as well-creatine, taurine, and
various sugars, for example. Doubtless not all of
them are controlled by enzyme systems residing
exclusively in the liver, but it seems a reasonable
prediction that most of them are and that closer
study of liver function will eventually clarify the
developmental picture. The fact that the waxing
and waning pattern of urinary amino-acids repre-
sents a feature of developmental maturation is borne
out by their spontaneous disappearance in the course
of a few months.
The prothrombin level of the young infant's

plasma follows a course which suggests a develop-
mental evolution influenced in part by liver function,
in part by the ingestion of prothrombin precursors
in the food, and in considerable part also by the
formation of precursors within the alimentary tract
as a by-product of growth and metabolism of
contaminating bacteria. The vagaries of the
prothrombin story in early life depend a great deal
on methods used in analysis, and complete agree-
ment has not yet been reached among all authorities.
Nevertheless, the general outlines are clear and I
shall take the liberty of presenting them more or
less in Quick, Murat, Hussey and Burgess's (1952)
terms. When the mother has received no vitamin K
during pregnancy beyond that contained in the diet,
the prothrombin as measured by the one-stage
method is found to be at about the same level at
term in the mother's blood, the cord blood, and
the infant's blood on the day of birth. On application
of the two-stage method, which reveals not only
active and available prothrombin but also reserves
of prothrombinogen in inactive form, the mother's
blood is found to have a considerable stock of
prothrombinogen, a reserve which can easily be
augmented still further by giving her additional

vitamin K. In the newborn infant, however.
administration of vitamin K on the day of birth has.
no immediate effect on his prothrombin level, just
as administration to the mother before delivery has
no influence on the active prothrombin content of
the infant. He appears incapable of manufacturing
prothrombinogen within the first two to four days
after birth, and his active prothrombin concentration
may even fall to a lower level, reaching a nadir
generally on the third day of life. Thereafter it
begins to rise and by the end of the first week or
a little longer has once more reached the level which
was present at birth. Reserves of prothrombinogen
build up more gradually in the infant's blood, and
as much as a year may elapse before the level has
reached that which an adult usually shows. The pace
of accumulation of reserves of inactive prothrombin
may be retarded by liver trouble, by obstructive
lesions of the upper alimentary tract which interfere
with bacterial colonization of the lower tract and by
persistent administration of antibiotics which like-
wise inhibit the growth of a normal intestinal flora.
Mention of infection, in this instance a beneficent

one, leads naturally to discussion of developmental
immunology, the acquisition of defence against
harmful infections. The subject may be divided into
three sections: mechanisms of defence transferred
from mother to child; mechanisms produced by
the infant independently of contact with specific
infecting agents; and, finally, development of
resistance orientated specifically toward a particular
agent of disease with which the infant or child has
come in contact in some form-dead (vaccine) or
alive (infection).
A good deal of accurate quantitative information

is available concerning transplacental conveyance of
humoral immunity. It has long been known that
diphtheria antitoxin concentrations in the blood of
a mother and in the cord blood of her infant at
term are essentially equal. The premature infant
is not always quite so well off; and if he is very
young and immature, his mother's blood will usually
show a considerable excess of antitoxin. Osborn,
Dancis and Rosenberg (1952) set the crucial maturity
point at a birth weight of roughly 2 kg., in that
infants smaller than this limit were more apt than
not to have an antitoxin titre lower than that of
their mothers. After delivery, the infant receives
no significant increment of diphtheria antitoxin
from his mother, regardless of whether he nurses
her colostrum; and from birth on, there begins a
logarithmic descent of the antitoxin level which
leaves him devoid of adequate protection from this
source from the age of about 4 to 6 months onward,
if no additional steps are taken.
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Placental transfer of other specific defence agents
has been similarly documented. A well known
example is the postnatal curve of blood concentra-
tion of bactericidal antibodies against Haemophilus
influenzae, plotted against age, which was long ago
published by Fothergill and Wright (1933). The
newborn infant has a significant antibody titre,
which then falls rapidly so that by the age of 3 to
6 months specific antibody can no longer be
measured. Not until the age of 3 years does the
curve begin to rise again, and the authors brought
out clearly in their publication the fact that the
age incidence of H. influenzae meningitis reaches its
peak during the period between 3 months and
3 years of age when specific antibody against this
organism is most difficult to detect.
The age incidence of measles clearly suggests that

immunity is passively transferred from the mother
before the infant is born, and that the substance
responsible for immunity gradually diminishes by
attrition, becoming unreliable as an effective defence
from about the age of 6 months onward. This
interpretation was widely accepted on epidemio-
logical evidence long before titration of measles
antibody became technically feasible. Not all
specific infections behave alike, however. Chicken-
pox and whooping cough frequently occur within
a few weeks after birth, while mumps in infants less
than 1 year of age is distinctly rare. We still lack
accurate information regarding the defences against
a number of infections, and in many instances we
are quite uncertain how much resistance depends
on humoral as opposed to non-humoral agencies.

In our search for information we must of necessity
resort to certain indirect methods of investigation,
less closely orientated toward specific infections.
While it seems unlikely that the gamma globulin
fraction of plasma is composed entirely of specific
antibodies, a degree of parallelism undeniably
exists between serum gamma globulin concentration
and resistance to a variety of infections. Studies of
the gamma globulin fraction of plasma in mother
and foetus indicate that from an early stage of
pregnancy, perhaps even as early as the beginning
of the second trimester, the concentrations in the
two bloods are virtually identical. At term the
concentrations have been shown to be essentially
the same in cord blood and in maternal blood
(Orlandini, Sass-Kortsak and Ebbs, 1955). From
this point on, the infant's plasma gamma globulin
level commences a gradual fall which reflects the
general rate of attrition of plasma protein com-
ponents which are not being renewed by active
production. Gitlin (1957) gave the half-life of a
preparation of gamma globulin as 20 days when

radioactivity was the basis of measurement, 45 days
when immunochemical methods were used. It seems
reasonable to expect that, because of known
variations in the physical and chemical behaviour
of individual plasma proteins, different rates of
spontaneous attrition of individual specific anti-
bodies will be found. In general, what has been
learned in the laboratory concerning the disappear-
ance of gamma globulin from an infant's blood in
the early weeks of his independent existence follow-
ing birth is entirely consistent with what is known
of his gradual loss of resistance against certain
infections.
Even the newborn infant possesses some humoral

defence against infection which is independent of
specific antibodies. The all-purpose defence on
which most attention has recently been focused is
the properdin system, initially described by Pillemer,
Blum, Lepow, Ross, Todd and Wardlaw (1954).
According to Hinz (1956) properdin, itself a protein
of high molecular weight, is demonstrable in plasma
in approximately equal concentration at all ages.
The properdin system, to be effective in controlling
infection, must include interaction of properdin,
complement and Mg+I ion. Although the exact
role of the properdin system in early life has not
yet been fully assessed, some explanation is required
for the asymptomatic course which most infants
succeed in following between the time when the
antibodies they have received from their mother
give out and the time when their own antibody
production has reached an adequate level. It would
seem highly probable that mechanisms of defence
are operating on the young infant's behalf, of which
we have as yet only imperfect knowledge, such as
the circumstances which govern phagocytosis, or
about which we know nothing at all. We lack a
satisfactory explanation of the paradox that young
infants from an early age commonly harbour
virulent strains of staphylococci in the nasopharynx,
and yet the frequency of significant staphylococcal
infections remains on the whole surprisingly low.
Chemical analyses of plasma for its total content

of gamma globulin, whether the analytic method is
that of electrophoresis or the cruder but never-
theless serviceable titration of zinc turbidity (Harris,
1952; Orlandini et al., 1955), show that the concen-
tration reaches its low point at the age of about
3 months, after which it starts a gradual rise. The
slope of the ascending curve of gamma globulin
concentration has not been shown to be clearly
dependent on the number of recognized infections
experienced by the individual subject. Raffel (1953)
cites anatomical evidence that bone marrow of
infants does not contain plasma cells until the age
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of 3 months. This finding is consistent with the
commonly accepted belief that the plasma cell is the
site of production of specific antibodies, and with
the timing of the point on the age axis at which
plasma gamma globulin begins to be renewed from
autochthonous sources. It leaves unexplained,
however, the demonstrated ability of an infant much
younger than 3 months of age to respond to contact
with an appropriate antigen by production of
antibody in significant quantities, as will be described
later.

Studies of specific antibody formation in response
to spontaneously acquired infections, whether
clinical or subclinical, are surprisingly few. Fother-
gill and Wright's (1933) measurements of the curve
of antibody titre against H. influenzae in relation
to age have already been mentioned, with their rise
in titre beginning at age 3 years. To judge from
the information gathered on this subject regarding
antibodies to the three chief types of poliomyelitis
virus, before the widespread use of vaccine, the
likelihood that any given individual would show
significant levels of one, two, or all three antibodies
depended on a host of variables-his age, the number
of people in the family, rural or urban setting, school
contacts, housing standards and standards of general
hygiene, as well as exposure to epidemic infection
(Melnick, Paul and Walton, 1955; Sabin, 1955).
Important background information of this kind in
relation to poliomyelitis will obviously become
entirely unattainable as soon as prophylactic
administration of vaccine becomes universal. The
chances of obtaining comparable information con-
cerning humoral antibodies to various bacterial
infections seem likewise to be evaporating in the
face of the widespread application of interfering
factors in the form of effective antibacterial agents.
A vast field remains open for future study, of

course, in the measurement of the infant's or child's
response to vaccines and other agents given for
prophylactic purposes. Results published thus far
would seem to indicate that when a three-pronged
agent like the popular combination of tetanus and
diphtheria toxoids and pertussis bacterial vaccine
is injected into young infants, beginning at 1 week
of age, an apparently different response is obtained
to each of the three components (di Sant'Agnese,
1949). Successful production of antibodies against
tetanus toxin indicates that even at this early age
active immunization is feasible. On the other hand,
the less impressive development of measurable
antibodies to diphtheria toxin and to pertussis leaves
unanswered whether the fault lies with the infant,
in an immature mechanism for responding to a
particular agent, or in the nature of the antigen used,

or possibly in the interfering effect of residual specific
antibody originally transmitted in utero. At a later
age, antibody production in response to the same
agent is much more active.

Certain infections evoke different responses at
different ages, usually producing more serious
disease the younger the subject. A number of
examples come to mind. Congenital toxoplasmosis,
transmitted from mother to infant in utero, is almost
invariably more serious than the disease acquired
in later life. This difference may be one of dosage,
but thus far proof is lacking. Congenital syphilis
in the pre-penicillin era was far more lethal to the
foetus and infant than to the mother. Among
severe infections caused by H. influenzae, purulent
meningitis is most frequent between the ages of
2 months and 2 years, almost 80% of all examples
of influenzal meningitis falling in this sharply limited
age zone. Acute epiglottitis or infection of the
supraglottic structures caused by the same organism
is even more frequently associated with bacteraemia,
can also be fatal all too frequently, and yet is hardly
ever encountered in a patient younger than 2 years
of age. Infection with Coxsackie B virus, according
to Gard (1954) and Johnsson (1954), has produced
three distinct syndromes, depending on the age of
the patient: a fatal myocarditis in very young
infants, a form of 'aseptic meningitis' which leaves
no permanent residua in older infants and children,
and in adults pleurodynia or so-called epidemic
myalgia. The Sendai virus, first isolated by Kuroya,
Ishida and Shiratori (1953) in Japan in 1951, was
originally recovered from the lungs in fatal cases of
pneumonitis which occurred in newborn infants.
Later, an apparently identical virus was grown from
the respiratory tract of adults suffering from a non-
fatal form of an influenza-like syndrome, and
Matsuzawa and his colleagues (1953) still later
isolated the same virus from a child who recovered
after a 40-day illness with respiratory symptoms.
In the last instance a rise in antibody titre was
demonstrated for the first time in the convalescent
patient. Jensen, Minuse and Ackermann (1955),
to whom a sample of the virus was sent soon after
its initial isolation, found significant levels of anti-
body in a large number of sera collected from
various parts of the State of Michigan. Some of
these American sera were fresh, others had been
preserved for as long as 19 years, and in no instance
was historical evidence obtainable of a corresponding
clinical infection. One is left to speculate whether
the diverse patterns of clinical disease produced at
different ages by what are believed to be identical
infecting agents depend upon insidiously acquired
specific immunity, which must of necessity have been
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278 ARCHIVES OF DISEASE IN CHILDHOOD

inadequate to achieve full protection, or whether
they reflect different levels of immunological
maturation.

In bringing this fragmentary and tentative con-
sideration of growth and development to a close,
it is conceivably more prudent as well as more
informative to take note of known omissions than
to attempt to survey the ground covered. Nothing
has been said of intellectual growth, of emotional
maturation, or social adaptation. Important as
these are, all of them, in the assessment of a clinical
situation, they represent areas of concern in which
the physician's responsibility is subordinate to that
of the family unit, the school, the community. The
broad field of symptomatic expression with relation
to age of patient has been almost completely ignored,
and that companion territory-the age incidence of
specific diseases and syndromes, which goes so far
to justify paediatrics as a specialty within the broad
boundaries of general practice-has received but
scant mention. Only a beginning has been made
in indicating lines of investigation which seem to
hold promise for the near future. There is no need
to dwell on the diminutive scope of what we now
know in comparison with what is yet to be learned.
Growth and development, with their vagaries and
their ever-changing manifestations, keep a physician
on the alert and add flavour of their own to the
pursuit of the Hippocratic tradition among those
patients who have not ceased to be children.

I would express my deep obligation to my
paediatric colleagues on the staff of Babies Hospital
in New York for the help and inspiration they have
given over the past several months in the shaping
of these thoughts. The task of setting them down in
organized form has been a happy one, constantly
lightened by awareness of their intent, to pay tribute
to the memory of the man whom these lectures
honour, Sir Leonard Parsons.
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