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Preface

The X. European Symposium on Calcified Tissues took place in Hamburg from
16th to 21st September 1973. The financial backing came from the Gesund-
heitsbehorde der Freien und Hansestadt Hamburg (President Dr. Zylmann),
the Bundesministerium fir Jugend, Familie und Gesundheit, and from industry.
This made it possible to carry out the scientific program, to invite several
European and non-European scientists, and to organize a social program
designed to establish personal contact between delegates and to make
visitors acquainted with our country. In the name of the organizing committee,
we herewith express our warmest appreciation of all the help given to us.

Professor Bartelheimer, as the representative of the Medical Faculty and on
behalf of the President of the University of Hamburg, welcomed the Parti-
cipants in the symposium to our city.

The history of these meetings began in Oxford in 1963, with the First European
Bone and Tooth Symposium, organized by H.J.J. Blackwood, B.E.C. Nordin,
and Dame Janet Vaughan. The idea was to found in Europe an institution simi-
lar to the American Gordon Research Conferences of Bone and Tooth. After the
U.K., the host countries were Belgium, Switzerland, the Netherlands, France,
Sweden, ltaly, Israel and Austria. The second symposium in Liége already
bore the present name. The original approach has persisted until today, that
is, to have a limited number of participants, and to group the main topics with
an introduction and single papers and with sufficient time allowed for dis-
cussion. It was always the intention to accommodate the delegates under one
roof in order to encourage personal contact, and this we accomplished in the
hotel Loews Hamburg-Plaza and the Congress Centrum. Thus, the Symposium
on Calcified Tissues developed its own style, largely thanks to a group of
enthusiastic colleagues. We are very lucky to have found an international
coordinator in the person of Professor Gaijllard.

The increasing research in the field of calcified tissues made it necessary to
restrict the papers to the main topics proposed by us and accepted at the sym-
posia in Israel and Austria. Preference was given to those adhering to the
main clinical topics with which this symposium is principally concerned. It
is hoped that this emphasis on clinical effects may stimulate clinicians in their
work at the bedside, while scientists will recognize the problems present in
the clinical aspects and see where the theoretical foundations are inadequate.

The Organizing Committee therefore chose Methods for Analysing Bone
Metabolism as the first topic. These methods form the background to the
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diagnosis and differential diagnosis of the various bone diseases. Although
research on Vitamin D has been in progress for some 50 years, recent ad-
vances in this field have been so great that, so soon after the /X. European
Symposium in Baden in 1972, it seemed expedient to include this theme
again. In the meantime, other fundamental aspects have been studied in
connection with the pathogenesis of a number of diseases, and a start has
been made in treatment with various Vitamin D Metabolites. In the light of
expected progress, it is to be hoped that the dangerous and not always
effective treatment with vitamin D, will be replaced by that with vitamin D
metabolites.

Now that the efficacy of these metabolites has been established, it no longer
seems appropriate to look upon D, as a vitamin. Today vitamin D is classed
as a hormone.

For many participants representing widely different disciplines, Fluoride
continues to be of vital interest. In internal medicine, its effects on bone meta-
bolism and the resulting therapeutic applications, especially its use in osteo-
porosis, are most remarkable. However, long-term observation of patients
with clearly defined osteoporosis will be necessary before a true assessment
can be made of the value of this treatment.

In the field of Collagen Research, aspects of contemporary importance con-
cern the mechanism of the invasion of the collagen structures by calcium
and phosphate ions, as well as the question of active germ centers. Here the
link with clinical work consists essentially in the investigation of the patho-
logical forms of collagen associated with pathological bone formation. We
may hope that this work will help to explain the pathogenesis of a number
of diseases of bone that puzzle us today. Of course, this research is closely
related to the Biochemistry and Histochemistry of Bone Diseases, the clinical
consequences of which have yet to be realized. As the physician’s goal is
always successful treatment, we scheduled Therapeutical Aspects of Bone
Diseases for the last day of the 1973 symposium. The meeting ended with the
presentation of research results from areas not covered elsewhere, first and
foremost the parathyroid hormone, which plays a central role in the whole
complex story of calcified tissues.

For the help given in preparing for and carrying out the symposium, we should
like to thank the members of the Department of Clinical Osteology of the First
Medical University Clinic, Hamburg, especially CORINNA BORGARDT, MARIE-
Luise DANz, EvA-MARIA HoBBJE, VERA HOHLWEG, FRANCES JOHNSON, Dipl.
Chem. ELDA SOMMER, Dr. C. LozaNo-TonNkIN, G. Maass, Dr. J.-D. RINGE and
Dr. A. v. RoTH. We express our thanks especially to INGEBORG KRUSE, who
helped in the revision of the manuscripts for this book. -

Hamburg, January 1975 FRIEDRICH KUHLENCORDT
HANs-PETER KRUSE
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Morphological and Crystallographic Analysis of Bone Mineral*

C.A. BAUD AND J.A. POUEZAT

In the past ten years, a series of physical methods have been applied
to the qguantitative study of bone mineral. The amount of mineral in
bone, its topographical distribution and fine structure, are important
parameters which are of interest for many reasons, and may have a
significant place in the study of human bone physiology and pathophysi-
ology. This data could be used, for example, to diagnose and follow up
various bone diseases. Summarized briefly in this paper are some of

the significant results obtained with these methods.

I. Measurements at Macroscopic Level

An improved technique for accurately measuring bone mineral content
directly in vivo, using photon absorptiometry, was developed by SOREN-
SON and CAMERON (1967). The principal advantages of this method as
compared with X-ray densitometry are the following: the radiation orig-
inates in a radioactive source and is monoenergetic, the beam is well
collimated and diffused radiation is eliminated, the beam intensity is
measured by directly counting transmitted photons.

Using this method, MAZESS (1970) measured the bone mineral content of
the radius shaft in a control group of over 1.000 human males and fe-
males of different ages. There was an increase in the bone mineral
mass up to age 30. A decline in bone mineral began in general at about
35 to 40 years of age in both males and females, but the decrease was
much steeper in the latter.

According to the observations of GOLDSMITH et al. (1971) the measure-
ment of average mineral content in the distal part of the left radius
separates control group women from the osteoporotics with sufficient
distinctness for diagnostic purposes.

The most interesting and useful application of this simple procedure
is the study, by repeated measurements, of the changes of the bone

mineral mass in the same patient over a period of weeks, months or even
years.

In this way, changes in mineral content in os calcis with increasing
times of bed rest were studied by RAMBAUT et al. (1972); the measure-
ments showed a progressive decrease with a 'rate differing in different
individuals. Bone loss during pregnancy and lactation, as well as bone
loss reversal following removal of parathyroid adenoma were measured
by SORENSON and CAMERON (1967).

*The author's work described in this report was supported by grants
from the Fonds National Suisse de la Recherche Scientifique and by
the Fondation Sandoz pour l'Avancement des Sciences Médicales et
Biologiques.



Tibial fractures, as observed by NILSSON (1966), result in a loss of
about 25% of the bone mineral in the knee region, which even after a
number of years, is not recovered. Similarly, after lesions of the
semilunar cartilage, NILSSON and WESTLIN (1969) noted that the bone
mineral mass in the distal end of the femur is decreased by approxi-

mately 9%, and there is no tendency toward restoration of the bone
mass over the years.

This method is of somewhat limited interest, however, as it gives in~

formation only on the bone mineral mass at the macroscopic level, and
not on the degree of mineralization of the bone tissue.

II. Measurements at Microscopic Level

1. Degree of Mineralization of the Bone Tissue

In order to obtain reliable quantitative data concerning the overall
distribution of the mineral content in a bone tissue sample, it is
necessary to measure a significant number of areas. To do this, a com-
bined microradiographic and microdensitometric technigue is used. The
microradiograph of the undecalcified bone section alongside an alumin-
ium step-wedge is performed. The thickness of the bone section must

be uniform to 100 * 1 micron. The X-ray beam must be very homogeneously
distributed, which can be done by means of a rotating camera. A speci-
ally designed automatic scanning microdensitometer with pulse height
analyzer (BAUD, 1969), is capable of analyzing the distribution and
area of blackenings on the microradiographic film. After appropriate
calibration, 10.000 points are measured in less than a minute. The
digitized results appear directly as a histogram which shows the de-
grees of mineralization of bone in grams of mineral substance per cubic-
centimeter, expressed as a percentage of the total sample volume. An
average value of the degree of mineralization can easily be calculated
from the histogram.

This technique has been used to measure changes in mineral density of
bone tissue in control subjects of varying ages. The mean value of
mineralization of compact bone tissue in the iliac crest of women in-
creases slightly with age. The coefficient of variation for bone mineral
content at specific ages is 10 per cent, except in those of over 45
years of age, in whom it is 12-15 per cent (Fig.1). The histograms which
represent the percentage of bone volume occupied by the more or less
mineralized tissue show that a larger part of the bone volume is only
slightly mineralized at the two extremes of the age scale than in the
middle range. In the case of the young, this can be explained by a very
active remodeling of the bone, and in that of elderly women, by a

slower mineralization process.

A comparison of bone from patients with postmenopausal and senile
osteoporosis with that of control subjects of the same age revealed

that the mean value of bone mineralization of most osteoporotic patients,
although within the control range, is closer to the upper limits. In

a small number of cases, the mineralization is below the control range
for the age group (Fig.2); this was also observed by JOWSEY and GERSHON-
COHEN (1964) in two cases, as well as by BOHR (1964) in one case. How-
ever, in a group of osteoporotic patients between 56 and 65 years of

age, several cases were observed, where the mineralization was above
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Fig. 1. Changes with age of the average mineral density of compact
bone tissue in the iliac crest of control group women
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Fig. 2. Average mineral density of compact bone tissue in the iliac
crest of women with clinically diagnosed osteoporosis (o) compared
with that of a control group of women of the same age (e)

the limits of the control range. These latter results should be con-
sidered along with those of VOSE (1962) whose studies have shown that
in several cases the mean degree of mineralization of extra-haversian



bone tissue is higher in osteoporotic than in nonpathologic bone. These
findings suggest that there are, in fact, different types of osteoporosis
which might perhaps be distinguishable on the basis of differences in
mineralization of bone tissue.

The changes with time in the mineralization of bone tissue in osteoporo-
sis under treatment can be observed by quantitative microradiographic
study of successive biopsies of the same patient. In this way, LANGER
et al. (1971) were able to show that in osteoporotics, there is an in-
crease of 3 to 6.5% in the degree of mineralization of bone tissue after
a prolonged treatment with calcitonin.

The low degree of mineralization of bone tissue observed in certain
experimental and pathological conditions, has, in fact, been found to
be due to a loss of mineral from once normally mineralized bone. This
important phenomenon of diffuse demineralization without concomitant
resorption of the organic matrix, can be explained by the instability
of the mineral substance, and for that reason is called "halastasis".
It should be taken into consideration along with osteoclastic resorp-
tion and osteolytic or perilacunar resorption as a third aspect of bone
loss. This process of demineralization was first observed under experi-
mental conditions, as, for example, where there is hormone imbalance
induced in eels by long-term administration of total pituitary extract
(LOPEZ, LEE and BAUD, 1970).

As to pathological conditions in man, in post-traumatic osteoporosis

or Sudeck's disease, the bone which existed prior to the lesion be-
comes demineralized. The measurements of BAUD and POUEZAT (1973) show
that the mean degree of mineralization of this bone tissue is 6 to 7
per cent less than in control bone. The histogram of the distribution
of bone substance as a function of its degree of mineralization is
modified; compared with that of control bone, it has shifted toward the
lower mineralizations (Fig.3). The heavily mineralized areas have dis-
appeared, demonstrating an actual loss of mineral.

In patients suffering from industrial fluorosis, the degree of mineral-
ization of bone can be different from that of control subjects of
corresponding age groups. When the fluorine in the bone substance is

at a level ranging between 0.4 and 0.8%, the mean degree of mineraliza-
tion is higher than that in control subjects. In cases of severe fluor-
osis, however, when the fluorine level is above 0.8%, the mineraliza-
tion is not significantly increased (Fig. 4).

These findings clearly show that the quantitative microradiography
method, by providing data on the degree of mineralization of the tissue
at the microscopic level, is capable of giving us important information
regarding differences of mineralization in different pathological con-
ditions.

2. Chemical Composition

Microradiography only indicates the level of bone mineralization, and
gives no information about chemical composition. Since bone is a com-
posite tissue, it is important to know the chemical composition at the
level of microscopic structures. Such an investigation has been made
possible by the use of the electron probe X-ray microanalyzer. With
this instrument, a precise non-destructive elemental analysis can be
performed on localized regions with diameters as small as 1 micron.
The detectable concentration of elements is very low, less than 0.01%.



Fig. 3. Histograms showing distribution of mineral substance in per-
centage volume of compact bone tissue of a patient with Sudeck's dys-
trophy (top) and that of a control subject of the same age group
(bottom)

The results concerning the topographical distribution of calcium and

phosphorus, the principal components of bone mineral, have confirmed

the microradiographic data. In particular, the variations in the con-
centration of calcium in the lamellar systems of the osteon have been
observed by BAUD, KIMOTO and HASHIMOTO (1963).

The Ca:P molar ratio is far below that of the apatite during the early
stages of mineralization, approaching it only in fully mineralized
areas, according to the measurements of HOHLING et al. (1967). The
mean mass concentration of sodium and magnesium in the mineral phase
shows a difference in distribution between osteons and interstitial
bone, the latter having a lower content according to WOLLAST and BURNY
(1971) .

The distribution pattern of strontium deposiﬁed in the skeletons of
mice on strontium-rich diets was observed by BANG and BAUD (1972). It
was found to be almost identical with that of bone-seeking radioiso-
topes detected in autoradiographs as "hot spots" and "diffuse compo-
nent".

Even the light elements such as fluorine can be detected with this
method. Topographical distribution of fluorine in the bones of fluoride-
treated osteoporotic patients was observed in this way by BAUD and

BANG (1970). The bone layers formed during the treatment showed a high
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Fig. 4. Relationship between average mineral density and fluorine
content of compact bone tissue in the iliac crest of control group men
(o) and that of male patients of the same age group suffering from
industrial fluorosis (o)

level of fluoride, whereas that existing before the beginning of the
fluoride therapy showed only a small amount. Similar results were

found by BAUD and BANG (1970) observing experimentally induced fluorosis
in mice. In industrial fluorosis there is a striking correlation be-

tween the lesions of mottled osteons and the distribution of high flu-
oride zones, as observed by BAUD and BANG (1972).

The simultaneous detection of several elements can make certain inter-
esting correlations evident. In fluorotic rabbit bone, semi-quantita-
tive analyses by BANG , WEST and BAUD (1974) indicated an increasing
Ca:P ratio with increase in fluoride concentration.

ITI. Measurements at Submicroscopic Level

1. Amorphous and Crystalline Material

At the submicroscopic level, it has recently become obvious that the
bone mineral substance consists of two phases: an amorphous calcium
phosphate and an apatite in small crystals.

According to TERMINE and POSNER (1967) a guantitative evaluation of

the amorphous phase may be obtained from the magnitude of discrepancy
between the observed and expected intensity values of the X-ray diffrac-
tion lines of the apatite phase, or from the measurement of the split-
ting of the P-O antisymmetric bending mode at 550-600 cm™! in the
infrared absorption pattern. By using these procedures, young bone was



shown to be richer in amorphous calcium phosphate than in apatitiec,
and mature bone richer in crystalline phase than in amorphous.

To date, the amorphous phase in human bone has not been quantitatively
evaluated in various age groups, since it becomes unstable after death,
and necroptic material may therefore not be used. However, in the para-
articular ossifications of paraplegics, BAUD, POUEZAT and VERY (1973)
have shown that the amorphous calcium phosphate represents a very

large part of the mineral. This noncrystalline phase hardly changes
during the first 12 months of the evolution of the lesion and repre-
sents on the average 58% of the mineral. The percentage decreases
slowly thereafter, and even after 30 months of evolution it is still

at 40%, which is high compared with control adult bone.

Several changes in the mineral substance have been induced experimen-
tally. In the rat, for example, as observed by TERMINE and POSNER
(1967) , after hypophysectomy, the relative proportion of amorphous
mineral is high: this can be explained by a maturation defect. Similar
observations were made by RUSSEL, TERMINE and AVIOLI (1973) studying
rats with experimentally induced chronic renal insufficiency.

In the eel, in cases of hormone imbalance induced by injections of
total pituitary extract, LOPEZ, LEE and BAUD (1970) have shown that the
slow and progressive demineralization of the skeleton is essentially
due to a loss of the amorphous component, while the crystalline com-
ponent remains unchanged. This diffuse demineralization at the expense
of the amorphous component characterises the phenomenon of' "halastasis".

Preliminary studies of the nature of bone mineral in experimental con-
ditions of massive and rapid resorption as induced by the parathyroid
hormone (POSNER, 1967) or calciphylaxis (unpublished results of our
laboratory) show that there is no preferential loss of either the amor-
phous or the crystalline portion of the mineral; the bone loss resulting
from these conditions is non-selective with regard to the two calcium
phosphate phases.

2. Crystal Size

Another field of investigation at the submicroscopic level with regard
to bone mineral is that of the size of apatite crystals. The crystal
size can be evaluated by measuring the width of the X-ray diffraction
lines at half intensity or, more accurately, by means of the template
method of POSNER et al. (1963) and the small-angle diffraction analysis
of EANES et al.(1965).

The results show that the average apatite crystal size increases as
the bone tissue becomes older. This explains why the average apatite
crystal size is very small in para-articular ossifications of para-
plegics studied by BAUD, POUEZAT and VERY (1973).

When the maturation of the organic matrix of bone is experimentally
impaired, as in dietary deficiencies (TERMINE and POSNER, 1967) and !
chronic uremic state (RUSSEL, TERMINE and AVIOLI, 1973), the matura-
tional sequence of bone apatite is also altered, and the crystal size
remains small.

The crystallites in the untreated patients suffering from various types
of osteoporosis and from osteogenesis imperfecta are normal in size
according to the observations of GR@N, McCANN and BERNSTEIN (1966).
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The ingestion of fluoride causes an increase in the average size of
the bone mineral particles. As the fluoride content of the bone in-
creases from O to 1.2%, there is a progressive increase in crystal
size. When the fluoride level rises from 1.2 to 2%, however, the rate
of increase becomes very slight (BAUD and MOGHISSI-BUCHS, 1965a).
This phenomenon has been observed in endemic fluorosis in man (POSNER
et al., 1963; EANES et al., 1965; BERNSTEIN and COHEN, 1967), and can
be experimentally reproduced in animals.

In various pathological conditions, such as osteoporosis and Paget's
disease, fluoride therapy brings about a significant increase in crys-
tal size, as observed by BERNSTEIN and COHEN (1967), which is related
to increased fluoride concentration in the bone mineral. This increase
results in an improved chemical stability of the mineral system, due

to the fact that with an increase in crystal size there is correspon-
ding decrease in specific surface and that the rate of reaction between
a solid and a solution is affected by the specific surface.

IV. Measurements at Atomic Level

Although electron probe X-ray microanalysis can detect the presence

of elements, and can indicate with precision their concentration and
their localization at the level of microscopic structures, it is un-
able to determine whether these elements are incorporated in the crys-

taline apatitic phase, adsorbed on the surface, or constitute a sepa-
rate phase.

The X-ray diffraction method, however, allows for this determination
since the progressive replacement of one species of ion by another
causes a change in the dimensions of the unit cell proportionate with
the concentration of the substituent. The order of magnitude of this
change is between one thousandth and one hundredth of an angstrdm. For
the measurements, it was therefore necessary to develop a refined
diffractometry method (BAUD et al., 1968), including step by step
recording of diffraction lines and calculations of the peak positions
by means of a computer programmed for the determination of the curves
best fitting the experimental points. The measurement of the a length
of the apatite unit cell of the bone mineral was obtained in this way
with a precision of about 0.001 &.

It has been possible to demonstrate that the ingested fluoride which
settles in the skeleton is incorporated in the apatite crystal lattice
where it replaces the hydroxyl ions. The a parameter of the bone min-
eral substance diminishes in proportion to the increase in fluorine
content. When the fluorine content reaches 2 %, a is shortened by 0.047 2.
These observations were made on the bone mineral substance of bovines
(BAUD and SLATKINE, 1962; BAUD and BANG, 1972), of mice (BAUD and BANG,
1973), of humans with endemic or industrial fluorosis (POSNER et al.
1963; BAUD and BANG, 1971), as well as that ‘of fluoride-treated osteo-
porotic patients (THIEBAUD et al., 1970). The effect of this bonding
of fluoride in the crystal lattice is to increase the stability of the
crystals and to decrease their solubility by a diffusion-blocking
mechanism, as suggested by YOUNG, van der LUGT and ELLIOT (1969).

The strontium, administered orally or by injection, is also incorpo-
rated in the apatite crystal lattice and replaces the calcium ions.
In this case, the a parameter of the bone mineral substance increases
in length along with the increase in the gquantity of strontium. It
increases by 0.05 R when the percentage of calcium atoms replaced by
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strontium atoms is 9.5, as observed by BAUD and MOGHISSI- BUCHS (1965b),
BAUD et al. (1968), BANG and BAUD (1972). The incorporation of stron-
tium in the bone mineral lattice is of great interest for two reasons.
It explains, first of all, the possibility of using strontium as a
tracer element for calcium in metabolic studies, and secondly, the
impossibility of removing the radioactive strontium bonded in the
skeleton without dissolving the crystals.

Most of the carbonate groups present in the bone mineral crystals are
substituted for phosphate ions, because the a parameter of the unit
cell becomes shorter to the extent that the carbonate content increases,
according to the observations of BAUD and LEE (1969, 1970). The amount
of carbonate thus incorporated in the crystal lattice depends on humor-
al conditions at the time of crystallization. The highest levels are
observed in animal species like the turtle where the CO, pressure and

bicarbonate concentration are extremely high in the body fluids.

The possible presence, even only transitory, of other crystalline
phases in the bone mineral, as that of calcite observed in the medul-
lary bone of laying hens by LORCHER and NEWESELY (1969), of octacal-
cium phosphate or other acid phosphates such as brushite and monetite
(LENART, BIDLO and PINTER, 1972; MUENZENBERG and GEBHARDT, 1973)
requires further investigation.

Summary

The gquantitative study of the bone mineral substance by biophysical
methods provides much information. The bone mineral mass at the macro-
scopic level, the degree of mineralization of the bone tissue and the
topographical distribution of the elements at the microscopic level,
the amorphous-crystalline relationships and the crystal size at the
submicroscopic level, and the ionic substitutions at atomic level,

can all be evaluated. The variations of these parameters in different
pathological or experimental conditions make it possible to distinguish
significant characteristics which would be useful in the diagnosis of
various metabolic bone diseases, and in the monitoring of their treat-
ments.
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Quantitative Aspects of Calcium Metabolism and Homeostasis

F. BRONNER

I. Introduction

During the past twenty years kinetic analysis of calcium metabolism,
i.e. the measurement of the major calcium fluxes in the whole animal
with the aid of radiocalcium, has progressed to the point where there

is general agreement on the usefulness and limitations of this approach.
For example, true calcium absorption or the general rate of bone depo-
sition can be estimated only by kinetic means, since other measurements,
as intestinal flux in an Ussing chamber, or the count of resorption
cavities in a section of bone, reflect specific local events and cannot
readily be used to estimate tissue flux at the organ or whole animal
level. Kinetic studies, on the other hand, do not point to the under-
lying molecular mechanisme, though they may serve to rule out one of
several possible mechanisms. Moreover, a comparison of kinetic studies
in man, rat and cow (BRONNER, 1973b) permits the conclusion that si-
milar processes occur in all three species and that these processes

are brought out by this type of analysis.

One of the principal uses to which kinetic analysis can be put is to
develop and test models of regulation. For example, one might suppose
that intestinal absorption (va) and skeletal deposition (vp+) of calcium
are related. A number of such“studies have been done and the general
conclusion is that vg4+ is relatively independent of v, (BRONNER and
AUBERT, 1965; SCHWARTZ et al., 1965; PHANG et al., 1969). To test a
variety of such relationships it is useful to have developed a model

of regulation and to see whether experimental observations support

the model. In what follows one such model of calcium homeostasis will

be analyzed®t. .

II. A Cybernetic Model of Calcium Regulation

Three systems are involved in plasma calcium regulation: the gut, the
skeleton, and the kidney. If plasma calcium is to remain at or near
given value - typically 2.5 mM in mammals - the sum of inputs and
outputs from the tree systems must necessarily equal zero. In the
growing animal, calcium is added to the plasma by intestinal absorp-
tion and extracted from plasma by renal excretion and net deposition
in the skeleton. When the skeletal calcium balance is negative, as in
aging animals or in certain disease states, the skeleton adds calcium
to the blood, but in the normal situation, the skeletal calcium ba-
lance varies from positive to near zero. Urinary calcium excretion
(vy) and the skeletal calcium balance (A) tend to vary directly with

*The model, originally proposed in 1965 (AUBERT and BRONNER, 1965),
has been extensively tested (BRONNER and AUBERT, 1965; BRONNER et
al., 1967; HURWITZ et al., 1969, SAMMON et al., 1969; 1970) and re-
fined (BRONNER, 1973a, 1973b).
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calcium absorption. For example, one can vary net calcium absorption
(81) in growing rats at will, simply by raising or lowering the cal-
cium content of an otherwise unchanged diet (BRONNER and AUBERT, 1965).
vy and A of these animals will vary similarly and in the same direc-
tion as Sj. It is therefore reasonable to classify the gut as a system
whose output tends to disturb the plasma calcium and to classify the
kidney and skeleton as systems whose outputs regulate or control plasma
calcium (AUBERT and BRONNER, 1965). Fig. 1 is a schematic representa-
tion of this statement.

In Fig. 1, the constituent fluxes or signals are classified in the

same way as the net fluxes resulting from them. Obviously alternative
classifications are possible.

Classifying the gut as a disturbing system is not meant to imply that
it is not subject to control. Biological systems characteristically
contain highly sophisticated controls. However, the output of a reg-
ulated system may still function as a disturbing signal for another
system and this is the intent of the classification used here. This
classification would alsc be in error if there existed a feedback path

GUT et Ca absorption PLASMA | Nef Ca deposition | oo\ e

Si [Cas] A

Ca
excretion
KIDNEY
. Regulator
System Net Signal Constituent Signals ClosZificotiyon
PLASMA [cay] Controlled
Plasma Ca
concentration
BONE A = Vo+ - Vo- Controlling
Ca balance Ca into bone Ca out of bone
KIDNEY Vu = V§i = Ve + Vg Controlling
Ca excretion Ca Ca Ca
filtered reabsorbed secreted
GUT Sj = Va P—- Vndo Disturbing
Net Ca absorption Ca absorbed fecal
endogenous Ca

Caintake total fecal

Note: By definition Sj=Vq-Vpdo = Vi - Vg ]

Fig. 1. Regulatory classification of parameters of calcium metabolism
(adapted from SAMMON et al., 1970, and reproduced by permission of
the Am. J. Physiol.)
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between gut and bone. This has often been suggested, but so far no
report, with the possible exception of that by Boyle et al. (1971),
has indicated an acutely functioning feedback path. Therefore no such
feedback loop is included.

Fig. 2 depicts a control diagram embodying the definitions and clas-
sifications of Fig. 1. The diagram omits hormonal controls and is
drawn according to the convention of linear control systems.

Y

[u]
S O+ [Ccs]
—— ! PLASMA CALCIUM b—>»

&
‘ [Cas]-[U]=¢
— i.|.. —_ A\+
VO+ VO_
-
+-€
Ve | | Vr DL
— + -
1 KIDNEY |« : )
+ —
Vuy

Fig. 2. Diagram of mammalian plasma calcium regulation, with hormonal
controls omitted, as in thyroparathyroidectomized animals

Si = net calcium absorption (i.e. calcium load from gut)
mg Ca/day

Vo+ = bone calcium deposition, @@/day

Vo~ = bone calcium resorption, mg/day

Vei = calcium filtered in kidney, mg/day

Ve = calcium reabsorbed in kidney, mg/day

= calcium secreted in kidney, mg/day

a o«
o w
@,
1l

plasma calcium concentration, mg/100 ml

plasma calcium reference value, mg/100 ml
error, i.e. [ca] - [U]

o~
U]
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When calcium enters the bloodstream via absorption from the intestine,
it tends to raise the plasma calcium concentration pa , drawn as a
signal being compared in a comparator with a "set" or "reference"
value, [U . This is the value at which the body is attempting to hold
the plasma calcium. The difference between actual plasma calcium and
reference value is termed the "error signal".

The error signal actuates the two controlling systems, bone and kidney.
When the error is positive, i.e. when the plasma calcium concentra-
tion, pag , exceeds the reference value, bone responds largely by
decreasing bone calcium resorption, vy-, while bone calcium deposition
goes up only a little (BRONNER and AUBERT, 1965; SAMMON et al., 1970).
The result is an increase in the mass of bone calcium. At the same
time the kidney responds by increasing urinary calcium excretion, v
The precise mechanism is not understood. It may involve diminished
reabsorptlon as well as an increase in the amount filtered. When the
error is negative, i.e. when @ag drops below [U], the processes are
reversed. Bone responds by an increase in vg-, with only a minor de-
crease in vg4, while kidney diminishes vy by increasing the amount
reabsorbed. This may be accompanied by an obligatory decrease in the
amount filtered. It is assumed that bone and kidney respond in direct

proportion to the error, i.e. that they function as proportional con-
trols.

u*

The plus, minus and zero symbols in the diagram indicate direction of
flow. For example, vo; 1s positive with respect to bone and negative
with respect to plasma calcium. The signs do not mean that a positive
error signal necessarily evokes a positive flow in the controller.
Indeed (see Egs. 3-6) a positive error signal causes v,- to decrease
more than vg4 to increase.

Fig. 2 contains formulations that are as yet removed from what is known.
Thus nothing is known of the mechanism(s) by which mass flows are con-
verted to signals. Conceivably this could involve calcium-dependent
conformational changes of specific membrane proteins, as calcium bind-
ing proteins, a number of which have been discovered in various tis-
sues (intestine: WASSERMAN et al., 1968; kidney: PIAZOLO et al., 1971;
brain: WOLFF and SIEGEL, 1972; muscle: HARTSHORNE and PYUN, 1971).

Nor has a comparator been identified. However, one can imagine that
the total physioclogical state of the organism affects turnover and
conformational state of calcium-dependent processes in such a way that
a number of specific molecular mechanisms, taken together, could func-
tion as a comparator.

The relative importance of kidney and bone in overcoming the disturb-
ing signal varies in different species and is a function of age.

For example, in young growing male rats, only two percent of the in-
coming disturbing signal (i.e. net absorption, S;) is handled by the
kidney (SAMMON et al., 1970), while in adult women the kidney handles
at least two thirds and bone at best one third of the disturbing sig-
nal (HALL et al., 1969)%

ThlS statement is only meaningful when the calcium balance is posi-
tive. When the balance is zero or negative, as is frequent in adult
humans, bone acts to supply needed calcium. HALL et al., (1969) have
shown that in adult women A= -114 + 0,77 Si (units: mg/day). In
other words, unless net calcium absorptlon is 148 mg/day, the
"average woman" would be in negative balance. Stated another way,

‘net calcium input from the gut does not become a disturbing signal
until it exceeds 148 mg/day.
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III. Hormonal Controls

1. Parathyroid Hormone (PTH)

In the rat, parathyroidectomy (SAMMON et al., 1970) or removal of the
calcitonin-producing cells (BRONNER et al., 1967; SAMMON et al., 1969)
has no effect on the relative importance of bone and kidney, bone
remaining the primary regulator of plasma calcium. However, parathy-
roid hormone has a profound effect on the efficiency of regulation.
This is illustrated by the following equations (taken from SAMMON et.
al., 1970):

(1) [ca] = 6.02 + 0.021 s,

(2) [ca] = 10.80 + 0.0021 s,

Eg. 1 describes plasma calcium (in mg Ca/100ml) as a function of net
calcium absorption (S;, mg Ca/day) in surgically parathyroidectomized
(PTX) animals and Eg. 2 describes this relationship in normal rats.

In the normal rat a calcium load of 100 mg/day from the intestine rai-
ses the steady state plasma calcium from 10.8 to 11.0 mg/100ml, or by
less than 2 percent. In the ablated animal a comparable load would
raise the steady state plasma calcium to 8 mg/100ml, or by 33 percent.
Clearly the PTX animal is less able to regulate his plasma calcium
around a steady value. This is also brought out by acute loading stu-
dies. When PTX animals received an intraperitoneal calcium (BRONNER

et al., 1968) the acute plasma calcium error - i.e. the difference
between plasma calcium in the absence of a load and at any moment fol-
lowing administration of the load - was greater than in normal animals.
Moreover, it took appreciably longer for the plasma calcium to return
to its preload value in the PTX than in the normal animals.

As one would expect, PTX animals respond to a negative error - as when
the plasma calcium is depressed by EDTA infusions - less effectively
than normal animals (COPP, 1957, 1960).

Thus parathyroid hormone contributes to more precise plasma calcium
regulation and permits overcoming both positive and negative errors
of plasma calcium more rapidly. Nevertheless, the fact that even in
ablated animals the plasma calcium returned to the preload value re-
latively rapidly (BRONNER et al., 1968; SAMMON et al., 1970) 1is clear
indication of controls capable of functioning in the absence of the
parathyroid glands. Consequently, the parathyroids contribute to, but
do not exert sole regulation of plasma calcium. This regulation must
involve error sensing, parathyroid hormone release, and action on the
target tissues, bone and kidney. It is these tissues that regulate
plasma calcium.

In bone, parathyroid hormone modifies cellular processes leading to
calcium deposition (vo4) and resorption (vp-) in such a way that there
is higher turnover in the normal as compared to the PTX animal and
there is a change in the relationship betﬁeen Vo+ and vg-, as follows:

(3) Vot = 67.2 + 0.11 s
(4) V- = 67.5 - 0.87 S,
1

(5) Vo+ = 36.5 + 0.29 S,
(6) v . = 36.9 - 0.69 S,
(o] 1

(units: mg Ca/day)
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Egs. 3 and 4 apply to normal and Egs. 5 and 6 to PTX animals (SAMMON
et al., 1970). According to these equations, the PTX animal relies
less on bone calcium resorption (Vo-) than the normal animal to dis-
pose of a calcium load from the gut. Moreover, the overall intensity
of turnover in the PTX animal is much lower (37 vs. 67 mg/day) .

Less is known about what happens in kidney. It is probable that PTH
increases renal calcium reabsorption (TALMAGE and KRAINTZ, 1954; KLEE-
MAN et al., 1961), but no data are available to evaluate this quanti-
tatively, as in Egs. 3-6.

Fig. 3 is a regulatory diagram showing the addition of parathyroid
function. In the model, a negative error is drawn as actuating the
parathyroid glands to release hormone that acts on bone and kidney.

In addition, as in Fig. 2, both positive and negative errors are shown
acting directly on bone and kidney. Bone responds to negative errors
by increasing vo- more than Vo+ and to positive errors by decreasing
Vo- more than vg+. This differential is accentuated by parathyroid
hormone.

]

S 0+ Ca
: Plasma Calcium [ s]
IR [cad- [U] -
o | P
+
+ - PTH
-€
Bone b N————¢
PTH
Vr -
. : Kidney .-£

Fig. 3. Diagram of plasma calcium regulation including parathyroid
hormone (PTH) action, but omitting other hormonal controls. For de-
finition of other symbols, see fig. 2. (From BRONNER, 1973a. Repro-
duced by permission of Academic Press, Inc.)
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Kidney responds to a negative error by decreasing v,; and to a positive
error by increasing vy. The precise relationship between v, and vgj
(+vg, if vg exists) and the effect of parathyroid hormone thereon are
not known, though vy is al least partly under parathyroid control
(AGUS et al., 1973). It is important to point out that whereas para-
thyroid hormone release occurs in proportion to a negative error sig-
nal only, the metabolic effects of the hormone on bone and kidey are
such as to lead to more precise error control, whether the plasma cal-
cium error is positive or negative.

As a result of the action of parathyroid hormone, steady-state error
of plasma calcium is virtually absent and acute error correction is
significantly improved. In man-made linear control systems, the addi-
tion of an integral to a proportional control eliminates steady-state
error and minimizes the error-time curve without leading to overshoot
(GOLDMAN, 1960). Consequently, it seems reasonable to propose that
parathyroid hormone adds an integral control to the proportional con-
trol due to bone and kidney when the latter are not under parathyroid
dominance (AUBERT and BRONNER, 1965).

2. Calcitonin (CT)

If calcitonin had a similar but opposite action to parathyroid hormone,
one would expect that removal of the cells producing this hormone would
have both acute and steady-state effects on plasma calcium homeostasis.
For example, one would expect that animals without this hormone would
control their steady-state calcium less efficiently than normal ani-
mals. One would have predicted also changes in intensity and relative
importance of bone calcium deposition and resorption rates and/or renal
calcium reabsorption and filtration rates.

Detailed studies (BRONNER et al., 1967, 1968; SAMMON et al., 1969) have
shown that calcitonin has no obvious steady-state effect on calcium
metabolism. Animals deprived of their endogenous supply of calcitonin,
i.e. thyroidectomized, supplied with f-thyroxine in the food and bea-
ring functional parathyroid autografts, did as well as euthyroid con-
trols with functional parathyroid autografts, as far as steady-state
plasma calcium control is concerned.

Calcitonin removal had no significant effect on either intensity or
relative regulatory importance of Va4 and V-, nor did it affect in

any major way the calcium and phosphorus content of the long bones.
Finally, urinary calcium excretion was unaffected by calcitonin removal
and the relative regulatory importance of bone and kidney was unchanged,
bone retaining its primary role in rats deprived of calcitonin.

However, calcitonin does play an important acute regulatory role. Thus
when animals without endogenous calcitonin are subjected to intraperi-
toneal calcium loads (TALMAGE et al., 1965; BRONNER et al., 1967) it
takes much longer for their plasma calcium to return to the base level
than in normal animals. Moreover, measurements of plasma calcitonin
levels have shown that above the normal reference calcium level calci-
tonin release varies positively and proportionately with plasma calcium
(CARE et al., 1968).

In man-made systems the addition of a derivative control to a preexi-
sting proportional control provides a mechanism for faster error cor-
rection without the danger of overshoot (GOLDMAN, 1960). The time-error
curve of a derivative plus proportional control is similar to an inte-
gral plus proportional control. However, in a situation of integral
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plus proportional controls there is no steady-state error, while in a
situation of derivative plus proportional controls a steady-state error
exists.

On the basis of these considerations, BRONNER et al. (1968) have pro-
posed that calcitonin is like a derivative control, i.e. a transient
and not a steady-state control.

These considerations form the basis of the regulatory diagram shown

in Fig. 4. Calcitonin is shown to be released in response to the deri-
vative of a positive plasma calcium error. The action of calcitonin
would lead to a temporary drop in Vg-, with no effect on vg+ (MILHAUD
et al., 1965; O'RIORDAN and AURBACH, 1968). This would cause the plasma
calcium to drop to its reference value, when calcitonin action would
be minimal. Such a model predicts that hormone release would be slower
as the difference between the actual plasma calcium value and its re-
ference level becomes smaller. This has now been confirmed experimen-
tally (WEST et al., 1973). (For an analysis of the relationship be-
tween plasma calcitonin and calcium levels, see BRONNER, 1973a).

(U]

S,  0q [Cas]

Plasma Calcium —
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Fig. 4. Diagram of plasma calcium regulation, including parathyroid
hormone (PTH) and calcitonin (CT) action. For definition of symbols,
see Figs. 3 and 4. (From BRONNER, 1973a. Reproduced by permission of
Academic Press, Inc.)
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IV. Bone as Regulator

The preceding analysis leads to a new perspective on the role of bone.
From what has been said above, it is clear that bone functions as the
primary regulator of plasma calcium, whether or not the parathyroids
are present. However, the mode of regulation depends on parathyroid
function. In animals without parathyroids, regulation is less effi-
cient and regulatory capacity is diminished. It is difficult to test
the intermediate case, partially functioning parathyroids. This is
partly so because of compensatory overgrowth and function and partly
because plasma parathyroid hormone levels cannot yet be measured in
rats. SAMMON et al. (1969) studied animals bearing parathyroid auto -
grafts and compared calcium metabolism and function with that of normal
animals, i.e. animals whose parathyroids had been left intact. They
commented on the fact that the animals with parathyroid autografts,

in the quantitative terms of the analysis employed, were not quite

"normal". In particular, regulation by bone seemed less efficient,
though the overall capacity seemed unchanged, viz.

(7) V- = 67.5 - 0.89 S, Normal

(8) V- = 68.3 - 0.74 S, Parathyroid Autograft

(9) Vo- = 36.9 - 0.69 S, PTX

(units: mg Ca/day)

These equations show that in the absence of a load, when S,=0, vg-

was about the same in the normal rat and that bearing a parathyroid
autograft. However, the latter tended to handle a somewhat smaller
proportion of the incoming load (S;) wvia diminution of bone calcium
resorption. In the fully ablated animal, capacity was much lower since
Vo- was 36.9 mg/day when S; was O. Moreover, the PTX animals handled
the smallest proportion of the incoming load (S;) via bone calcium
resorption, vg-.

As already pointed out, the absence of calcitonin has little effect
on the steady-state regulatory function of bone (SAMMON et al., 1969),
but has marked effect on the capacity for acute or transient regula-
tion.

In the vitamin D-deficient animal (HURWITZ et al., 1969) the regula-
tory capacity and efficiency of bone are markedly impaired. Indeed
the vitamin D-deficient rat behaves as if it were parathyroprivic,
even though its parathyroids function near maximum capacity (AU and
RAISZ, 1965). Whatever the mechanism, it is clear that vitamin D is
required for normal bone structure and function. Without vitamin D,
even in the presence of adequate amounts of minerals and parathyroid
hormone, the regulatory function of bone is impaired.

If an animal is calcium-deficient, the regulatory capacity of bone

is altered. For example, SHAH et al. (1968) have shown that animals
raised on high calcium diets from weaning wére able to maintain a
near-normal plasma calcium for two weeks when placed on diets that
contained only 0.01% Ca, but that similar animals raised from weaning
on a low calcium diet (0.06%) were unable to do so, their plasma cal-
cium dropping to near 6 mg%. Animals on the high calcium diets had high
bone calcium levels and high values for vg+; animals on the low cal-
cium diets had low bone calcium and low values of vg+. Severe phosphate
deficiency also leads to marked changes in bone composition (BAYLINK

et al., 1971) and its regulatory capacity (CUISINIER-GLEIZES et al.,
1973) . However detailed knowledge of the interrelationship between

bone composition and regulatory capacity is still lacking.
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What emerges then is a complicated set of relationships between bone

structure and function. Any attempt at hierarchical ordering must ne-

cessarily be tentative. Nevertheless, one may classify the require-

ments of bone in order for it to be able to regulate plasma calcium

in the following order:
least important calcitonin

. parathyroid hormone

vitamin D

calcium, phosphorus and other

constituents of bone

oW N -
. .

most important

This is obviously a gross oversimplification. It neglects a host of
cell constituents such as enzymes and also neglects other bone func-
tions (support, storehouse of many elements,etc.), the expression of
which is doubtless related to bone structure and turnover. Moreover,
important feedback loops are bound to exist between these functions
of bone and calcium regulation. Nevertheless, this attempt at classi-
fying the role of the major factors in bone function and therefore in
calcium homeostasis and metabolism may be of value in clarifying a
complex field.
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A Time-Varying Model for Calcium Metabolism Including Diurnal Variations*

A.M. PERAULT-STAUB, C. LEFeVRE, J.F. STAuB, P. BREZILLON AND G. MILHAUD

I. Introduction

Many methods have already been used for modeling calcium metabolism
(MILHAUD et al., 1957, MARSHALL, 1969). If their characteristics were
widely differing, they were in common based on both mathematical proce-
dures and physiological data which reguire to be reconsidered to-day.
Recently, three of the authors reported that, in the rat, plasma cal-
cium fluctuates following a clear circadian rhythm (PERAULT-STAUB et
al., 1973). Our present study includes detailed knowledge of plasma
5Ca decay and shows that rhythmicity may be considered as an essen-
tial property of the processes involved in calcium metabolism. More-
over, during the modeling, we have attempted to include the new con-
cepts of calcium homeostasis (TALMAGE, 1970; MATTHEWS et al., 1971).

II. Experimental Procedure

A compartimental analysis is used, defined by the following eguations:

n n

(o]

Q; = %:Bij" % Rei + dig
jzi kzi

[=]

n n
q. = ZR--/Q- xq-_.z R ./Q. Xd: .e.
I i=t W) T ki i X9i +€jo
j#i kzi
The first set of equations describes the mass variation (Q3) of the
n compartments and the second set, the variation of the quantity of
tracer (gj) in each of them. The mass flow of material entering the
compartment i is noted Rij, the output mass flow, Rki, and the irre-

versible entry rates of unlabeled and labeled material, dio and ejg,
respectively. These parameters, Rij and Rij/Qj' are not necessarily

constant and can vary with time (for nomenclature see BROWNELL et al.,
1968) .

*The authors are grateful to Dr. G. COUTRIS for his valuable sugges-
tions during the preparation of this manuscript.
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Blood samples were collected from groups of rats which have been given
100 pC of 450a, as CaCly i.v., at time O (45 days old Wistar C.F. rats,
fed with a normal semi~-synthetic diet during the 12 dark hours of each
day) . Plasma calcium and 45Ca concentrations were estimated from 5
minutes to 8 days: except during the first exgerimental time, sampling
was done every 4 hours from the 1St to the 5P and from the 7th to the
8th day. As shown in Figure 2A, a clear rhythmicity appears in the
radioactive decay from the 12th hour on; the amplitude of the 45Ca
diurnal fluctuation depends on tracer-time. Obviously, such diurnal
variations are synchronized with the external events (activity, food
intake, light and dark) and considered as the consequence of daily
changes in the controlling system.

III. Modeling Procedure

The analysis involves three steps:

A) Classification of calcium metabolism processes. The first step con-

sists of breaking down these processes into the following subsys-
tems:

- A "milieu extérieur" (0) involving both calcium input through
the digestive tract and calcium output through kidney and gut.

- A controlled system (1) directly exposed to (0). The kinetic
characteristics of (1) are obviously the plasmatic ones, as plas-
ma samples were used.

- A storage system (2), able to face any unexpected variation coming
from (O).

- A controlling system (A & B), located between (1) and (2). It
controls (1) through cellular mechanisms consistent with the new
proposed concepts of calcium homeostasis : calcium pump (TALMAGE,
1970) , calcium transport through biological membranes (NEUMAN
and RAMP, 1971), calcium influx and efflux from mitochondria
(BORLE, 1973; MATTHEWS et al., 1971) or other calcium storage
pools. The data led us to assume that oscillations exist at the
controlling system level itself. Thus, a time function needed
to be introduced and consequently the model became a time-varying
one. It had to be placed into the (A & B) system and for a first

approach, a sine wave was used. Fig. I illustrates this first
modeling step.

B) Analogous model able to describe changes of labeled calcium at the
lasma level. Modeling was first built from the tracer curve (Fig.
2R) . The basic design had to include the 4 previously described
subsystems, tied together as shown in Flg. 1. The analysis was
based on two postulates:

Postulate 1: At O time of the simulation, the injected radioacti-

vity is abruptly diluted in the volume of (1). In no case can this
volume be larger than that estimated from the plasma radioactivity
in the rat at 5 minutes.

Postulate 2: The quantity of radioactivity which irreversibly exits
from (1) between O and t time is considered as the difference be-

tween the injected radioactivity and the residual radioactivity in
the rat, at t time.
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Initial final
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@

Fig. 1. (upper graph) Initial and final models 1nclud1ng the subsys-
tems, tied together as described: (0), "milieu extérieur"; (1), con-
trolled system; (2), storage system; (A & B), controlling system;

(3) and (4), additional systems. (lower graph) Simulation diagram
for the final model equations. All operational blocks can be consi-
dered as analogous computing elements

The optimisation of the analogous model was performed on a computer
EAI 580 using a quadratic function to minimize the instantaneous
error. With this technique, we can extract the numerical values of
parameters of a non-steady differential system of high order, di-
rect resolution of which would be rather difficult and sometimes
impossible.

The initial model (Fig. 1) reproduced the mean value of the real
45Ca plasma curve from the 36th hour on tdé the 8th day. However,
incorporation of changes in the model's désign was necessary in
order to take into account both the entity of the 45Ca curve from

5 minutes to 8 days and the amplitude of the observed diurnal fluc-
tuations. We had therefore to introduce:

- a new subsystem noted (3) rapidly interchanging with (1). As a
consequence, the drop in the plasma 45Ca was enhanced from O to
2 hours and, in contrast, diminished from 2 to 36 hours, as ex-
pected.
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Fig. 2. (A) (large graph): 8 days pattern of changes in the level of
radioactive calcium observed in plasma. Radiocactive calcium (activity)
is expressed as c.p.m. for 20 ul of plasma. —s represents the acti-
vity decay from 5 minutes to 16 hours (1 » 10000 c.p.m.); »x—=x re-
presents the activity decay from 12 hours to 8 days (1 + 500 c.p.m.).
(small graphs) Predicted activity (g) in the compartments (2), (3),
(4), (A & B) from O to 3 days. (B) Diurnal variations of plasma cal-
cium expressed as percent of the daily mean value. Observed (---—);
predicted ( ) in the final scheme by simulation of a constant
entry rate

- a direct junction from (1) to (2): the consequence was a mini-
mization of the irreversible radioactive exit to (0). In order
to keep unchanged the characteristics of (2), we added a new
subsystem (4), interchanging with (2) and able to store a big
quantity of radioactivity. An apparent radioactive reflux back
from (4) to (1) would appear only after a long period of time
(several days) .
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The final scheme and its simulation diagram are presented in Fig.
1. Simulation of the corresponding system of equations led to a
correct behavior of the system (1) from 5 minutes to 8 days. The
diagrams for the simulation of the other subsystems are presented
in Fig. 2A. ’

It should be noted that a sinusoid (linear oscillation) placed be-
tween A and B, does nct permit a very good representation of the
circadian rhythm observed at the level of the 45Ca plasma curve.
Further work is therefore required to determine the appropriate
form of oscillation - probably non-linear - which is needed (OATLEY
and GOODWIN, 1971).

C) First approach to an analogous model describing the calcium meta-
bolism. Knowing the different ratios rate/mass, Kij», which charac-
terize calcium transfer between the subsystems and out of the system,
Kpl, it is possible to simulate the non-labeled calcium model of
calcium metabolism. We introduce calcium from (0) to (1) to simu-
late calcium absorption, at a rate sufficient to maintain (1) at
a constant mean level.

Fig. 2B illustrates the daily variation pattern, predicted in (1)
when simulation of a constant calcium entry rate is applied. The
total daily calcium mass entering the system is in equilibrium with
the total irreversible exit. We are unable to reproduce adequately
the real circadian fluctuations of plasma calcium, but amplitudes
of the predicted fluctuations are too large (about 23% against 7%
experimentally (PERAULT-STAUB et al., 1973) and the time position
of the two extreme values are not the observed ones (PERAULT-STAUB

et al., 1973). The incorrect behavior of this model may result from
two facts:

1. A constant calcium entry rate is not correct. We suggest the ex-
istence of daily variations in the entry rate which should be rel-
atively smaller during the light-unfed period than during the
dark-fed period. Thus, for example, if the total mass of calcium
entering during the dark-fed period is 3 times greater than that
during the 12 following hours, amplitudes of the predicted fluctu-
ations are reduced to about 7 percent, i.e. almost correct.

2. The diurnal changes in plasma result, among other things, from
the conjunction of pattern of calcium entry and action of con-
trolling system (A & B). As previously noted, the sine-wave in
the (A & B) system is not adequate and it is difficult actually
to predict the exact form of the entry pattern. However, it ap-
pears that the proposed model is compatible with a daily calcium
entry different from the exit, that is including positive or
negative calcium balance. This balance, placed at the output-in-
put level is transferred at (4) level, the calcium mass of which
is so big that this modification is entirely damped at the (1)
level.

¥

IV. Conclusion

The present study has to be considered as a first step toward the
building of a comprehensive calcium metabolism scheme. It already
provides additional insight into this metabolism. Indeed, the classi-
cal calcium metabolism schemes were based upon the stability of plas-
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ma calcium level and a steady decrease of plasma 45ca. The experimen-
tal data used here suggest that oscillations should be considered as
a fundamental part of the control processes. A simple mathematical
time-varying model is presented, which takes into account such daily
events. The originality of this model consists in the incorporation
of: (1) a determined pattern for daily calcium absorption and (2) a
positive or negative calcium balance as part of the exchangeable cal-
cium pool.
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Quality Control and Correlations of Clinical Methods for Studying
Metabolic Bone Disease”

H.G. Haas, T. LAUFFENBURGER, M.A. DAMBACHER, J. GUNCAGA, C. LENTNER, A.J. OLAH
AND R.K. SCHENK

Abstract

1.

The extent to which clinical methods reflect bone metabolism re-
mains largely uncertain. In the present study, parameters of bone
turnover (plasma alkaline phosphatase, urinary hydroxyproline ex-
cretion, calcium balance and calcium kinetic results, and histo-
morphometric data of bone biopsies) have been standardized and
compared. Correlations between these various parameters were cal-
culated for two defined groups of patients.

An overall reliability (methodical precision + biological repro-
ducibility) of + 10 - 15% SD was recorded for the biochemical, the
calcium-kinetic and the morphometric data and of + 50 mg calcium
per day for the balance investigation respectively. These figures
apply to strictly controlled conditions on a metabolic ward.

For the correlations between the various metabolic and histologic
parameters two groups of subjects have been used: patients with
postmenopausal osteoporosis before and after NaF treatment and
subjects with Paget's disease on and off the phosphonate EHDP.
The correlation coefficients between the parameters of bone for-
mation (extent of osteoid seams in the bone biopsy, calcium ac-
cretion rate Vo+ and alkaline phosphatase) exceeded .86 with
pP<.001. An equally good correlation between the radiocalcium turn-
over data and the urinary hydroxyproline excretion was found (r =
.97, p<.001). On the other hand, no correlation could be detected
between the number of osteoclasts in the bone biopsies and the
calcium mobilization rate V,., and only a fair correlation was
seen between the latter index and the urinary hydroxyproline ex-
cretion.

Thus, the bone formation and bone turnover of patients with meta-
bolic bone disease may be assessed with precision and reasonable
certainty, whereas the measurement of bone resorption remains an
unsolved issue in man.

*The data of this investigation will be published as full paper else-
where.
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Morphometric Microdensity Studies of Hard Tissue Sections, Utilising Optical
Density Contour Maps and Associated Area Co-ordinated Computerised Data*

L.F. GOrg, H.W. FERGUSON AND R.L. HARTLES

I. Introduction

Comparative studies of the mineralisation processes in control and
experimental animals demanded the replacement of a single-point method
of measuring microdensity by a more comprehensive and accurate quanti-
tative method of evaluating the concentration and distribution of hy-
droxyapatite in their bones and teeth.

The methods used in the preparation of undecalcified sections and their
subsequent microradiography are described by McQUEEN, (1972). In the
present study, care has been taken to use only plano-parallel sections,
of approximately 100 microns thickness, with an overall deviation of
less than 2 microns. At least ten measurements were taken on each sec-
tion, each measurement being a sum value obtained from the use of op-
posing gauge anvils.

A more satisfactory control of the physical principles influencing the
reliability of the contact microradiographs was achieved by x-raying
the normal, and experimental tissues, together with a reference step
wedge, on the same plate.

No embedding medium was used for the tissue, thereby avoiding the ad-
ditional absorption due to the resin. The absorption equivalent of

100 pm thickness of these plastics is approcimately 3pm of aluminium.
Assuming that the lower the concentration of mineral in the tissue

the more resin is proportionally present (BOOTHROYD, 1964), it follows
therefore that the lowest levels of hydroxyapatite represent an arti-
ficially higher absorption value, and that the density contrast be-
tween these lower concentration levels is therefore reduced.

All of the microradiographs used were required to match a standard
density gradient, derived from optical density readings of the alu-
minium step wedge.

IT. Methods

Photomicrographs of all microradiographs weére taken prior to micro-
densitometry. A polaroid microscope camera attachment was used for

this purpose. The photographs were used to assist orientation of the
specimen image on the microdensitometer table, and for subsequent
comparative evaluation of density images. A standard Joyce Loebl double-
beam recording microdensitometer was converted to a fully automatic
2-dimensional data acquisition system by the addition of stepping mo-
tors and potentiometer-linked punch-tape output.

+Feinpruf "millitron" measuring system
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In order to obtain as representative a picture as possible of the com-
parative changes in the control and experimental cat femora, as much
of the disc as possible, compatible with scanning time, was recorded
on punch tape. The bone discs rotated manually after each rectangular
area, (raster), was scanned, to provide four tapes taken from opposing
sectors of each bone disc. In total, each raster provided a punch tape
containing approximately 20.000 digitised optical density readings,
taken in 5 micron steps, from an area approximately 1.000 microns by
5.000 microns.

Fig. 1 shows two bone discs, Step wedge and Raster Sectors. The time
taken to scan each raster was about 25 minutes. Several readings were
taken from the center of each step of the aluminium wedge. This pro-
cedure was made possible by manual control of the stepping motors and
the use of the single point density 'READ' facility on the Auto-Densi-
Dater. By avoiding the influence of optical artifacts, and physical
irregularities, a reliable set of average step readings was thus ob-
tained. The aluminium step/density equivalents, together with the sec-
tion thickness in microns and the relevant disc-stored’ programs re-
quests were submitted on a separate lead-in tape spliced to each spool
of data tape.

Fig. 1. Drawing of control and experimental bone discs showing raster
areas. Construction of the accompanying aluminium step wedge is also
shown

*The three computer programs controling data conversion are stored on
magnetic discs for immediate access.
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III. Data Conversion Methods

Stage 1. The transformation of the digital information by the computer
was accomplished in three stages. The punch-tape information was trans-
ferred to a magnetic tape and a disc-stored program used to convert

each digital value into its equivalent value of hydroxyapatite. A
standard formula was used in which the variable factor of aluminum
thickness was obtained from a reference ‘'curve' giving equivalent thick-
ness of aluminum to optical density. The section thickness Factor 'T'
was included as a tape constant. The resultant values of hydroxyapa-
tite were obtained from the line Printer, i.e. in the same line and
step formation, as dictated by the original scan pattern.

Stage 2. The appropriate data cards were prepared to retrieve the
second disc program. These were submitted together with the types of
variable data as noted below ..... X .. Y .. Area co-ordinates,
number of lines and steps, step size, effective slit dimensions and
the various density levels requiring mathematical analysis.

Fig. 2. (a) Graph plot of 'osteoporotic' bone (cat). (b) Graph plot
of normal bone (cat). (c) Code symbols for isoplots from 0.5 to 1.4 AV
Conc. g/ccm HA. (d)

Typical measurements from a selected area

A B c
Area cm? 0.34574 0.16874 0.45073
AV Conc. g/ccm 0.840 0.307 o]

Total g. 0.14576 0.25776 0
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This stage provided: (a) Total area occupied by each given density
level of hydroxyapatite (expressed in sq. cm.) . (b) Total.hydroxy—
apatite present in the tissue scanned, which was also available as a
differential analysis of various density levels as requirgd (expressed
in sq. cm.). (c) Average concentration of hydroxyapatite in egch den-
sity level ( expressed in grams/cubic cm). The X and Y co—o;dlnates
submitted determined the area from which the above information was
derived.

Stage 3. The third disc-stored program transferred the gonverted data
to a graphic form. Contour lines were drawn betweep similar values of
hydroxyapatite, thus creating a visual interpretation of the mathema-
tical plateaux revealed by the computer.

Fig 2a shows a typical isoplot. A basic program has drawn a contour
map of the whole area scanned depicting seven levels of density. (The
code mark assigned to each density contour is shown in Fig. 2c. From
this preliminary map (or the Isodensitrace mentioned later) specific
area references may be resubmitted, e.g. to obtain data from one or
more osteones, Fig. 2d, or, by excluding black border areas of emul-
sion, summate the total area of the black osteone cavities.

IV. Isodensitrace

We have retained the original pantographic capability of the micro-
densitometer to produce a colored two-dimensional enlarged map of the
image scanned. This utilises the familiar drop-line technique, CRABB
and MORTIMER (1967) and MILLER et al. (1964).

The following technique was used to provide co-ordinates, from which

computer~-stored information could be directly related to areas in the
Isodensitrace. The Auto-Densi-Dater was programed to provide a single
line of digital readings from the first and last lines of the raster.
The image is subsequently returned to the first line of the raster in
order to collect normal continuous sequential line data covering the

whole of the raster.

Having completed this data collecting scan of the raster, the image
was once again returned to the original starting point. Without alter-
ing the microradiograph's position on the scanning stage, the 'Y' axis
stepping motor unlocked and the ratio-arm of the continuous 'Y' move-
ment was locked in. A continuous scan was then commenced, with appro-
priate 'X' axis movement of the specimen and recording stages. It will
be seen that 'X' co-ordinates can be obtained from either the first or
last lines of the raster. Alignment of 'stepping data' with the con-
tinuous trace image (IDT) is achieved by using a print-out of the first
and last line of the area scanned. A line drawn to connect the end-of-
line characters of these two lines produces ‘a 'Y' line reference, this
consists of end-of-line characters which can be used by the computer
as a reference point. The two lines of data words are accurately posi-
tioned by matching abrupt changes in digital value with obvious visual
features. The spatial value assigned to each data wordt is a product
of the original stepping interval and the ratio arm used, e.g. a step-
ping interval of 5u would be equivalent to 5000 when using a 100:1
ratio arm. Digital data may therefore , this instance, be related to
the IDT with an accuracy of 0.5 mm.

*A 'Data Word' is the three digit number representing each density
value reading.
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V. Discussion

The techniques described provide a method of automatic collection,
assessment and comparison of optical-density-related data from repre-
sentative areas of bone formed under varying conditions. This method
should prove of value to workers who are using microdensitometric
techniques and who have access to computer units.

The preparation of IDT maps is of value in the initial stages of a
project to recognise areas of interest. Subsequently their value is
more limited.

Whichever microdensitometer instrument is used, we would, however, re-
commend the need for a permanent graphic record of the areas scanned,
such as that provided by a Graph plotting computer terminal. This
provides not only a visual assessment of mineral distribution, but also
an essential safeguard against digital misalignment or image inversion.

VI. Summary

The study of diet-induced bone dyscrasias in cats demands the careful
examination of micromorphic appearances, together with related quanti-
tative evaluation. Only by automated microdensitometer techniques can
sufficient data be obtained for reliable assumptions on bone dynamics.

A comparative evaluation technique is recommended together with an
emphasis on visual representation using isopleths of various types.

A double-beam recording microdensitometer has been modified to give

a punch-tape output, and a program designed, using a KDF9 computer,

to provide conversion of the recorded optical density values to hydro-
xyapatite concentration, together with various area-associated mathe-
matical computations and concentrations levels depicted in graphical
form.
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On Calcium Metabolism during Immobilization

H. BOHR

It is well known that decisive changes in metabolism take place during
immobilization. Thus it was shown by DEITRICK, WHEDON and SHORR (1948)
that excretion of calcium in the urine and feces increased, resulting
in a negative calcium balance. This has been confirmed by among others,
MACK (1965), ROSE (1966) and LYNCH et al. (1967), and a corresponding
loss of calcium from the skeleton has been demonstrated through den-
sitometric measurements (MACK, 1965).

In the present investigation the urinary excretion of calcium and the
bone density were recorded for patients with Coxa Plana being treated
with prolonged bed rest. The children were from 4 to 12 years old and
healthy apart from the hip disease. Bed rest was carried out strictly
and combined with extension of both legs for periods of 6 weeks with

a 2-weeks' interval, usually over 12 to 18 months. It was followed by
gradual mobilization on crutches with weight-bearing on the healthy
leg for the first 3 months, then on both legs for another 3 months
until the crutches were finally discarded. Food was of normal variety,
including at least half a liter of milk daily, and the intake of cal-
cium was estimated about 7 OO0 to 1000 mg/day. Urine was collected in
periods of 6 days and calcium content determined by the method of
KRAMER and TISDALL (1921). Measurements of bone density performed pho-
tometrically on X-ray photos, as described by among others, MACK,
BROWN and TRAPP (1949), HENNY (1956), and HEUCK and SCHMIDT (1960).
Radiographs of the hips, the heel bones and the wrists were taken on
admission to hospital and at regular intervals thereafter. For cali-
bration, ivory stepwedges were placed along the bone during the ex-
posures. The photometric analysis was performed with a special appa-
ratus constructed for this purpose, where the film is mechanically
carried forward between the light source and a photocell, and the in-
tensity of the transmitted light in a 2-mm wide zone is recorded with
a potentiometer. The measurements on the femoral head were made in the
frontal view from the joint space to the epiphyseal plate, correspond-
ing to a sagittal section through the middle of the epiphyseal bone.
As regards the heel bone, measurements were made on X-ray photos in
the lateral view from the upper to the lower border 2 cm in front of
the tuber calcanei, while the radial bone was measured on X-ray photos
of the wrist 1 cm proximal to the distal epiphyseal plate. The density
of the bones measured was expressed in arbitrary units related to the
step wedge; since only comparisons between the same bone at intervals
of time are made, expressions per unit bone volume were not appropriate

The results of the measurements of calcium output are shown in Fig. 1.
Each figure presents the average value of about 30 cases S.D. about
ts percent. In a few cases the calcium output was determined before
immobilization, where the values obtained corresponded to the calcium
excretion in normal children of that age. It is seen that the calcium
output rises during the first two weeks of immobilization to reach a
maximum value of about 200 mg/day in week 4. During the following two
months calcium output falls to about 140 mg/day, then gradually de-
creases at a slower rate. At the end of one year the output is still
somewhat elevated and resumes normal values only when mobilization



40

urinary calcium excretion
in 57 cases of coxa plana
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Fig.1. Urinary calcium output during immobilization and subsequent
gradual mobilization

starts. Calcium concentration runs a similar course. The results of
the densitometric measurements are given in Table 1 where the changes
in the density of the normal femoral head, as well as the os calcis
and the radial bone on both sides, are recorded as a percentage of

the initial measurements. The standard deviation in the measurements
on the hip is somewhat larger than that of the other bones, due to

the greater amount of soft tissue which makes the measurements very
sensitive to quite small displacements of the calibration wedges. It
is seen that the density of the normal femoral head decreases by 21%
during the first 3 months of immobilization, and by 29% after 6 months
of immobilization. This reduction is retained until the end of immo-
bilization, when the density rises, but does not reach normal values
until 9 months later. The density of the os calcis has decreased by 17
and 23% respectively at 3 and 6 months of immobilization, and follows
almost the same course as the femoral head. In the radial bone, how-
ever, only a 4% decrease was seen, probably owing to the lack of immo-
bilization of the upper extremities. There was no significant differ-
ence between the values for the diseased and healthy side as regards
the heel bone and the radial bone.

The decrease in density of the femoral head and the os calcis takes
place mainly during the first 3 months of immobilization, correspond-
ing to maximum urinary excretion of calcium. The increased excretion
of calcium in the urine during that period amounts to about 8 g, and
as the loss of calcium through the feces according to previous authors
(DEITRICK, WHEDON, SHORR, 1948; MACK, 1965) is about twice the loss in
the urine, the total loss of calcium should amount to about 25 g. Du-
ring the same period the density of the os calcis and the normal fe-
moral head decreases by about 20%. If this decrease in density were
representative of the whole skeleton, it would correspond to a loss

of about 50 g calcium. The discrepancy suggests that osteoporosis was
most pronounced in the bones of the lower extremities, probably due

to the more efficient immobilization of these. During the remaining
period of immobilization there were only small changes in the density
of the bones, indicating that an equilibrium is established between
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bone formation and bone resorption. This is in agreement with the view
that it is possible to distinguish between the early stage of immo-
bilization with an increased metabolism of the bones, where resorption
predominates, and a secondary more chronic stage with a decreased
metabolism, where bone formation and bone resorption are equally re-
duced (HEANEY, 1964; MACH, 1971; EICHLER, 1970). Following mobiliza-

tion, bone formation increases with gradual recovery of the normal bone
density.
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Abstract

In children with Coxa Plana the excretion of calcium in the urine and
densitometric measurements of different bones were recorded during
treatment with prolonged bed rest and gradual mobilization. It was

shown that the calcium output increases during the first 2 months of
immobilization to reach a maximum value of about 200 mg/day in the

week 4.The calcium output gradually decreases to normal values when
mobilization starts. The density of the os calcis and the normal fe-
moral head decreased by about 20% in the first 3 months, but during

the remaining period of immobilization there were only small changes,
followed by gradual recovery of normal bone density during mobilization.
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Limitations in Bone-Mass Measurements with *'Am

G.E. ROSINGH, G. HART, J.B. v. D. SCHOOT AND K.L.M. BON-NIJSSEN

In orthopedics there is a need for reliable parameters of sufficient
precision to detect changes of bone-mass in vivo in parts of extremi-
ties. During investigations on femoral head-necrosis (ROSINGH, et al.,
1972) it was decided to undertake work in this direction. The investi-
gations of SORENSON and CAMERON (1967) seemed a reliable starting
point. However, I shows insufficient penetration of ¥-radiation
(27.4 KeV) in heavy parts of extremities. It is mentioned in the lite-
rature that the precision of measurements with an 241am source appro-
ximates that of an 1251 source, whereas its harder radiation (59.6 KeV)
gives a better penetration. Detailed information, however, is only
given by NILSSON (1966) who used another method. A disadvantage of the
high energy of 241am-radiation is the decrease in difference between
mass absorption-coefficients of water and hydroxyapatite with a factor
2/3 compared with that of 1251 (OMNELL, 1957). Therefore it was feared
that the precision of the measured parameter (the bone-mass per unit
of bone-length) would be reduced considerably by this loss of contrast.

In view of our purpose and the facts mentioned above, an 247am source
was used and the time in millisec. for a pre-set number of 10.000
counts was determined. The separate measurements were carried out with
the source-detector unit at standstill. In between the measurements
the source-detector unit was moved over a fixed distance of 2 mm in
the direction of the desired cross-section of the object. In our set-
up the influence of stochastic variation of source decay on the preci-
sion of measurements is constant and independent of the bone-mass. In
general, measurements are carried out with the source-detector appara-
tus moving at constant speed across the object. In that way one has

to count during pre-set time intervals, which implies a decrease of
precision with increasing bone-mass.

In our method mathematical and statistical analysis of point-measure-
ments is also facilitated, since the model can be defined better;
measurements of each separate point can now be regarded correctly as
the determin tion of one point of the curve reflecting the bone-mass
per square-tait in the cross-section under consideration. The preci-
sion of each separate measurement is then given by the stochastic
decay-variation. This situation offers the possibility of using a
known curve-fitting technique. The Fourier-analysis seems the best
method for the case under consideration. An application will be dis-
cussed later on.

The technical construction of the measuring design was as follows. The
source consists of a ceramic sphere of 3 mm diameter on which 45 mCi
241Am was adsorbed. A more powerful source would - by increasing self-
absorption - yield only a relatively slight raise in output. The gamma-
radiation was caught in a 5 cm thick NaI'TI crystal of an old linear
scintigraph and amplified with 1100V. Apertures of steal and lead
source and detector diaphragms were 3 mm and 4 mm respectively in front
of the source, 5 mm and 6 mm in front of the detector. The 59.6 KeV
radiation of 241Am was measured in a 10 V wide window on the photo-
peak using pulse height analysis.
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To gain experience and to compare results with data from the litera-
ture, measurements in the fore-arm were carried out. Although for
multipurpose use the distance between source and detector was adjust-
able in the holder, in this investigation it was constantly kept at
25 cm. The arm was submerged in a plastic tray with a water height

of 6 cm in the field of investigation; it was fastened and its place
recorded as accurately as possible. A series of about 50 measurements
per investigation were performed and the total time per investigation
was at least 10 min. Because of incomplete fixation of the fore-arm
the testee had to hold his arm as motionless as possible during the
investigation.

The bone-mass per unit length was computed from the equation: Mp =

kE LnTi/To; k is a constant dependent on mass absorption- coefficients
and densities; T; is the time measured in localisation j and To is the
time measured outside the arm (10 measurements at each side). The un-
biasedness of the estimator (M) of the bone-mass per unit length was
examined with the Fourier-analysis. As can be anticipated it was found
that the unbiasedness is dependent on the number of measurements in
bone and the regularity of the curve expressing bone-mass per unit
square as a function of localisation in the cross-section. The Fourier-
analysis gives a mathematical relationship between the number of bone
measurements and its curve regularity which has to be fulfilled for

the unbiasedness of the estimator Mp. Experiments showed that the re-
lationship generally could be fulfilled if at least 9 or 10 points of
measurement were situated in the bone.

As far as the precision of the results is concerned it may be mentioned
first that 10.000 counts-measurements through liquid media gave S.D.
which did not deviate from the theoretical S.D. of 1%. Sources of error
in the measuring equipment consequently could be neglected. By investi-
gations on a dead male arm immersed in formalin, sources of error un-
related to the living patient were traced. Particularly, series of
measurements could be performed in exactly the same cross-section
without disturbance by movement of the testee or time-related changes
in the bone. The precision for the bone-mass in 10 successive series

of measurements in the same cross-section was equal to the value ex-
pected on grounds of the variation in source decay.

The influence of inadequate fixation on the measured bone-mass of the
fore-arm in the watertray was investigated in the two directions of
displacement. First the cadaverarm was displaced in the direction of
source movement after each series of measurements in a sequence of 10
series of measurements. The precision remained concurrent with the
source variation. Next the bone-mass in successive cross-sections of
radius and ulna on distances of 5 cm was determined. This revealed
only small changes in bone-mass per cross-section near the wrist in
the radius (Fig. 1). A cross-section at 15% of the ulna length above
the wrist seemed a favorable area for investigations, the more so as
only in this area 9 or 10 measurements were inside the bone, maximum
bone-remodeling response in this metaphyseal area could be expected
and a reasonable distance between radius and ulna was guaranteed. At
last the influence of different distances between the measur%ng points
on the precision was determined. Changing the distance from 5 mm to

1 mm and to 2 mm did not influence precision; a significant decrease
of precision was found for distances of 3 mm and 4 mm. Making allow-
ance for these data other influences on precision were studied in the
living subject.So 11 non-successive series of measurements within one
week were performed on one of us. The S.D. of bone-mass per unit-length
was now 2.7% which is higher than could be expected on grounds of
source-variation alone. A Fourier-analysis demonstrated also differ-
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ences related to the dispersion of bone-mass over the cross-section.
With respect to this dispersion two groups of similarity existed of
respectively 4 (1, 9, 10, 11) and 7 series of measurements. The S.D.

of bone-mass within these groups was 1,1% and 1,3% which approximated
the source variation. It was evident that even in most favorable cir-
cumstances, displacements of the arm and involuntary movements im-
paired precision. Also a marked decrease of transmission was found

in some soft tissue areas. At the site of the membrana inter ossea an
absorption of 4% of the total absorption in radius and ulna was always
found, which cannot be caused by the diameter of the photon beam alone
(Fig. 2). It may be supposed therefore that formation of fibrous tissue
in bone marrow cavities will simulate an increase in bone-mass. A first
successful attempt to measure changes in bone-mass by biological pro-
cesses was made after reconstruction of a radius-pseudoarthrosis with

a homogenous bone graft in a 26 year-old sailor. Three non-successive
investigations were made at 5 months and 75 months after the operation.
The disuse atrophy of the bone already preSent before operation de-
creased by 10% under the influence of increasing functional weight
bearing, which means about 1% per week. It remained significantly
below the normal value of the sound arm however.

bone _ mass per cm
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Measurements of the fore-arm in kidney-transplanted patients were a
total failure. As possible causes may be mentioned in the first place
the difficulty these patients had in keeping their arm motionless
during the investigation. Secondly, one has to consider that the low
bone values may play a role. The stochastic source variation having
an influence on bone values independent of the amount of bone-mass
therefore gets more influence on the relative precision as the bone-
mass decreases. Other projects concerning fore-arm measurements are
still in progress.

The overall impression of this kind of investigation is that one is
dealing with a method with a very high degree of precision. Variation
in localising in repeated measurements of the same cross-section and
stable positioning remain the most important sources of error. The
most important problem, however, comes from the observation of de-
creased transmission of radiation through dense connective tissue re-
lated to values outside the arm. It implicates that tendons in upper
parts of extremities as well as connective tissue formation in bone
marrow cavities may lead to an apparent rise of bone-mass value.
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Intestinal Absorption and Retention of Calcium Measured
by Whole-Body Counting™

S.P. NIELSEN, O. BARENHOLDT AND O. MUNCK

I. Abstract

A method for measurement of fractional intestinal absorption of an oral
dose 47Ca by whole-body counting is described. The intestinal absorp-
tion of Ca is calculated as the whole-body counting rate 6 days after
the administration of radio-calcium, divided by the counting rate 6
days after a subsequent equal dose of 47Cca given intravenously, minus
the extrapolated value which would then have occured if no injection
had taken place. The method is based on the application of a power
function model. It supplies additional information about the frac-
tional turnover of 47Ca. The relationship between intestinal absorp-
tion and whole-body retention of Ca is outlined. Normal values for 21
adults are given.

Measurement of whole-body retention of an oral dose of 47Ca (R) is of
practical value in some clinical situations. R is a composite para-
meter, being dependent on intestinal Ca absorption, losses of Ca from
the body, and probably Ca turnover in the skeleton. Furthermore, R is
bound to be dependent on geometry factors and radiation absorption
(e.g. degree of obesity), since the linear attenuation coefficient for
47ca is 6%/cm of tissue.

In the following we shall demonstrate that, by intravenous (i.v.) ca-
libration, measurement of R can be combined with measurement of in-
testinal absorption of Ca (A). By this method the influence of geo-
metry factors and radiation absorption is excluded and additional Ca-
metabolic data are obtained.

II. Methods

Procedure: A low-background, iron-shielded three-detector linearly
scanning whole-body counter was used (International Atomic Energy
Agency, 1970). 47ca was counted in the energy interval 1.240-1.376 MeV.
The background of the empty counter was .82 cps, and the whole-body
background due to 40K was .10-.32 cps more than the background of the
empty counter in 21 normal adults. :

47ca (Radiochemical Centre, Amersham, specific activity 5004 Ci/mg)
was given as an oral dose of 3uCi, together with .5 g CaCly, 2H20
(.136 g Ca) dissolved in 250 ml distilled water, on time zero. Whole-
body counting was performed immediately hereafter and with one or two
hours intervals until a maximum was reached. Thereafter countings were

* This investigation was supported by grants from Ebba Celinders legat,
Rigsforeningen til gigtens bekampelse and P.A. BRANDTS legat.
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performed daily for 8 days or on day 5, 6, 7 and 8. Immediately after
the counting on day 8, an i.v. injection of about one uCi 47Ca from
the same batch was given quantitatively, using a membrane needle. An
oral load of CaClp, 2H20 was given as described above, 30 minutes
before the injection. Again, countings were performed daily hereafter,
or on day 13, 14 and 15. The exact amounts of 47Ca given orally and
intravenously were measured by weight differences of syringes (= Moral
and Minjectr respectively). All countings were corrected for back-
ground and physical decay to time zero.

Calculations and Definitions: Whole-body retention of 47Ca after an
oral dose was measured as described by SJOBERG (1970) by dividing the

counting rate 7 days after the oral administration N7 by the maximum
value on the first day Npgx.

We applied a power function model for our studies (MARSHALL, 1969).

The disappearance curve for 47Ca after passage of unabsorbed 47Ca is
rectilinear in a log-log plot (Fig. 1a) for more than 20 days (Fig. 1b).
Therefore, extrapolation of the oral curve in the log-log plot is pos-
sible, and hence a "hundred per cent value" given by the i.v. dose can
be obtained by subtracting the extrapolated value 6 days after the in-
jection N{4, from the then measured value Nig4 (Fig. 1 a). The count-
ing rate 6 days after the oral administration Ng divided by the thus
obtained "hundred per cent value" is a measure of intestinal absorp-
tion, if Moral = Minject. Correction for differences in Mgra] and
Minject is made according to the equation:

N M, .
inject
A = 6 - J

Niy ~— Nig Moral
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Fig. 1 a. Calculation of intestinal absoyption of calcium A from
whole-body 47ca data

'T' is the time at which the extrapolated disappearance curve in the
log-log plot crosses the line denoting the maximum counting rate
Ninject after injection (Fig. 1 b, below).
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Fig. 1 b. Whole-body 47¢ca disappearance curves in a normal adult after
oral 47Ca administration {(above) and after intravenous injection of

47ca three months later (below).

Identical slopes

The shape of the whole-body curves implies that from about day 5 (Fig.
1 b, below) the fractional turnover of radio-calcium is inversely

proportional to the time t after the administration i.e. MEEE = &

am,
_t‘ ’

where Mgis the amount of radio-calcium in the body at the time t, if

t >> T. The interrelation between
t >> T, is given by the following

t
This can be seen from the following: We assume that m =

M N

the four parameters in Table I, if
equation: t,a
E My = A Moral(g) -

M Ny

inject Ninject

Therefore log ET_“E“‘ = log S t . From Fig. 1 b, below, it can be
inject inject
N
seen, if t >> T, that log ﬁ———E—— = a log . (E)a where log % re-
inject T ™
Nt
presents a difference of the abscissa and log T———— the corresponding

inject
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Table 1. 47Ca whole-body data from normal adults. Six of the 21 subjects
were re-investigated after 3 months (replicates).
Retention Intestinal Slope T
after 7 days absorption
R % A% a days n
Mean 30 46 -.32 1.7
21
SD 8 16 .08 .5
sb 4 5 .04 4 6
of replicates
difference of the ordinate. It follows from this that log Mt =
Minject

t,a
log (T) .
Therefore Mt = Mjnject (%)a_

Tbe.amount of radioactivity My retained at the time t after oral ad-
ministration of My,51 is, accordingly, if t > T, after intestinal
passage of unabsorbed 47Ca:

My = A Moral (%)a_

ITI. Result and Comments

Normal Subjects: Twenty-one adults (volunteers from the laboratory
staff, all in good health, 7 males and 14 females 20-77 years old)
participated in the study. They were fas%ing for 12 hours before and

5 hours after the oral and intravenous 47ca " administration. No dietary
precautions were taken. The mean values and SD for R, A, a and T are
shown in Table 1.

SIJUBERG (1970) in 27 normal Swedish adults, studied in an identical
fashion, found nearly the same R-values (mean 36%, SD 8%) as we did.

M N )

7 is somewhat smaller than R = 7 because N is extraordinarily

M ; max

Oral max
reduced by radiation absorption in the tissues due to the location of
a large fraction of the radioactivity in the gastrointestinal tract.

. R
In our subjects /= 1.06 (SD .02) on an average. This value
My / Moral
is significantly different from 1.00 (P < 0.01). Hence measurement of
R without correction is misleading. This will especially be true in
obese persons.
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Our mean value for a in normal adults is nearly identical with the
mean value (.30) found by MARSHALL (1969). The mean A is bound to be
higher than the mean R, because losses of radio-calcium will influ-
ence R and not A. Contrary to A, R is therefore likely to be depend-
ent on the function of the kidneys.

Clearly, the slope a is dependent on bone Ca turnover and losses of
Ca from the body (by the intestinal and renal route, and by sweat).
T is possibly dependent on the diffusion constants in bone. It is
used in this context as an operational parameter only. Its physiolo-

gical meaning and its importance as a clinical parameter remain to be
established.

The method described can easily be applied in clinical investigative
work, although its value is limited by the requirement that the pa-
tient must be in a steady state situation regarding Ca metabolism for
two weeks.
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Studies on the Metabolism, Mode of Action and Pharmacology of Vitamin D
and Related Analogs™®

A.W. NOorRMAN, W.H. OkaMURA, M.N. MITRA AND R.L. JOHNSON

In recent years intensive efforts by a number of laboratories have
been directed toward the elucidation of the many parameters involved
in the regulation of calcium and phosphorus metabolism. Three of the
most important of these biological regulators are calciferol (vitamin
D), parathyroid hormone, and calcitonin. With each of these regulators,
outstanding developments and advances have been made in recent years.
It is the purpose of this article to outline some of the developments
that have occured, specifically with regard to our understanding of
the mechanism of action of vitamin D in terms of its intervention in
calcium homeostasis.

Perhaps the most striking advance has been the recognition that the
mode of action of calciferol, which is chemically classified as a
steroid*tis highly similar to that of many other classical steroid
hormones, such as estrogen, aldosterone, hydrocortisone, or testoste -
rone (NORMAN, 1968). NORMAN and HENRY (1974a,b) have elaborated on

the thesis that 1,25-dihydroxycholecalciferol is a steroid hormone
produced by the kidney in response to various physiological signals.
With this concept in mind, it is possible to identify new relation-
ships between calciferol (the hormone), its secretory organ (the kid-
ney), its target tissues (the intestine, skeleton, and perhaps kidney),
and various disease states related to vitamin D.

+ This work was supported in part by U.S. Public Health Service grants
AM-09012 and AM-14,750. A.W. NORMAN is a recipient of a PHS Career
Development Award 1-KD-AM-13,654. We would like to acknowledge the
invaluable assistance and discussions with Professors J.W. COBURN, S.
MASSRY, A. BRICKMAN, D. HARTENBOWER, R. FRIEDLER, and Drs. H. HENRY,
H.C. TSAI, A.M. SPIELVOGEL, and R.G. WONG and Mr.R.J. MIDGETT in pre-
paration of this article. Also the technical assistance of Mr.T.
CONKLIN in the preparation of some analogs of 1,25-(0H),-Dj3 is grate-
fully acknowledged.

++Ccalciferol is used as a generic term for vitamin D, without distinction
as to the structure of the side chain. Ergocalciferol and cholecalci-
ferol, respectively, are vitamins D, and Dj. Ergocalciferol is the
usual form of vitamin D employed clinically and used to fortify foods,
while cholecalciferol is the natural form present in mammals. Accordj
ing to the International Union of Pure and Applied Chemistry Commission
on the nomenclature of biological chemistry;, cholecalciferol (vitamin
D3) may be defined as a steroid. The chemical name is 9,10-secocho-
lésta-5,7,10 (19)-trien-8-ol. One International Unit (IU) of chole~-
calciferol (vitamin Ds) or ergocalciferol (vitamin D) has been de-
fined to be 0.025 ug %65.0 pmoles) (League of Nations, 1935). No of-
ficial definitions of units have been formulated for 25-hydroxychole-
calciferol, 1,25-dihydroxycholecalciferol, or for any of the other
calciferol metabolites. In this review 1.0 unit of 25-hydroxychole-
calciferol and 1,25-dihydroxycholecalciferol is defined to be 65.0
pmoles which is approximately equivalent to 0.025 pg. Some of these
problems are discussed by NORMAN (1972).
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It is now firmly established that cholecalciferol undergoes an obli-
gatory two-step metabolism prior to the production of the biologically
active species, 1,25-dihydroxycholecalciferol. First calciferol which
is either produced photochemically in the skin from 7-dehydrocholeste-
rol or absorbed from the diet is transported to the liver where it
becomes hydroxylated at the end of its side chain at carbon-25. This
enzyme is believed to involve cytochrome P-450 and to be localized in
the microsomal fraction of the cell (BHATTACHARYYA and DELUCA, 1973).

After hydroxylation by the liver, 25-hydroxycholecalciferol is trans-
ported to the kidney, where it undergoes a second hydroxylation, at
carbon number 1, to produce 1,25-dihydroxycholecalciferol. A variety
of data obtained in many laboratories support the contention that the
kidney is the only site of the production of this steroid. When high
specific activity radioactive 25-hydroxycholecalciferol is administered
to vitamin D-deficient nephrectomized rats, no 1,25-dihydroxycholecal -
ciferol is detected in any tissue (FRASER and KODICEK, 1970; WONG,
1972) . Further, WONG et al. (1972) have clearly shown that only 1.25-
dihydroxycholecalciferol and not calciferol or 25-hydroxycholecalci-
ferol can stimulate intestinal calcium transport or enhance bone cal-
cium mobilization in vitamin D-deficient, nephrectomized rats. In
contrast to the liver hydroxylation system, the kidney hydroxylation
system is localized exclusively in the mitochondrial fraction of the
kidney cortex (MIDGETT et al., 1973). The enzymatic hydroxylation is
inhibited by carbon monoxide, thus suggesting that it too is a cyto-
chrome P-450 mediated reaction. Further, HENRY and NORMAN, 1974, have
carried out an extensive phylogenic study of the distribution of this
enzyme activity in 23 different species. To date we have unequivocal-
ly detected the presence of 25-hydroxycholecalciferol-1-hydroxylase
activity in various species of mammalia, including primates, and in
aves, reptilia, amphibia, and osteichthyes. Results from experiments
such as these thoroughly substantiate the generalized distribution of
the enzyme required for the production of 1,25-dihydroxycholecalci-
ferol as being in the kidney. Clearly, the production of the steroid
hormone, 1,25-dihydroxycholecalciferol, by the kidney has a univer-
sal distribution, at least in vertebrates.

Recent data obtained in several laboratories suggest the intriguing
possibility that the activity of the 25-OH-D,-1-hydroxylase present

in the renal tissue is subject to regulation, so that the enzyme ac-
tivity is inversely proportional to serum calcium levels. A variety of
conflicting reports have purported to show that the activity is re-
gulated by either dietary calcium (OMDAHL et al., 1972), serum calcium
(BOYLE et al., 1971), circulating levels of parathyroid hormone (GA-
RABEDIAN et al., 1972; GALANTE et al., 1972a; RASMUSSEN et al., 1972),
circulating levels of calcitonin (GALANTE et al., 1972b) or the con-
centration of inorganic phosphate in renal tissue (TANAKA and DELUCA,
1973) . At the present, it is not possible to state definitively whether
any or all of these observations are applicable under all physiologi-
cal circumstances. The fact that the 25-OH-D3-1-hydroxylase is local-
ized in the mitochondrial fraction of the gell imposes certain severe
restrictions on the biochemical mechanisms,by which this enzymatic
activity might be increased. An elevation of enzyme activity may re-
sult from (a) an allosteric activation or inactivation of pre-existing
enzyme molecules, (b) increased or decreased biosynthesis of enzyme
molecules, or (c) increased or decreased biodegradation of enzyme mo-
lecules. A particularly challenging problem is to delineate the nature
of the signal transmitted from the external membrane of the kidney
cell to its mitochondria. Several logical candidates include the cel-
lular concentrations of ionized calcium and inorganic phosphate. In
view of the possible involvement of the peptide hormones, one should
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also not neglect a possible role of cyclic AMP. The external membrane
of the renal tubular cell could respond to a variety of signals: these
might include either of the peptide hormones, calcitonin or parathyroid
hormone, or changes in the concentrations of serum calcium or phos-
phate, or some unknown and as yet unidentified factor. Thus, it seems
appropriate to study this complex maze of possible interrelationships
at several levels of organization, including the whole animal, slices
of kidney tissue, isolated renal tubules, and isolated renal cortical
mitochondria. It remains to the future to ascertain the detailed nature
of these relationships in terms of the maintenance of calcium homeo- )
stasis. It also should be mentioned that in addition to 25-hydroxy-
cholecalciferol and 1,25-dihydroxycholecalciferol, three other meta-
bolites of vitamin D have also been characterized; these include 24,
25-dihydroxycholecalciferol (HOLICK et al., 1972a) and 25,26-dihy-
droxycholecalciferol (SUDA et al., 1970) and 1,24-25-trihydroxychole-
calciferol (DeLUCA, 1973). However, the function, if any, of these
latter three metabolites is not known at the present time.

After production of the 1,25-dihydroxycholecalciferol by the kidney,
the steroid hormone is carried to the target tissues by specific serum
binding proteins. Estimates of the plasma levels of calciferol (BEL-
SEY et al., 1971) and 25-hydroxycalciferol (HADDAD and CHYU, 1971)
have been reported as have studies of the turnover of cholecalciferol
and its metabolites (SMITH and GOODMAN, 1971). From such studies NOR-
MAN and HENRY, (1974a), have calculated that while the circulating
plasma concentrations of cholecalciferol and 25-OH-cholecalciferol

are 65.000 pg/ml (6.5 x 1078 M) the steady state level of 1,25-(OH) -
cholecalciferol is at least 39000 x lower, probably in the range of
10-100 pg/ml (2.4-24.0 x 10=11 m).

This emphasizes the exceedingly low circulating concentrations of 1,25-
(OH) g—-cholecalciferol and highlights its impressive biological acti-
vity. Indeed it is essential that any receptor for 1,25-(OH)y-chole-
calciferol in the target intestine or bone have a very high affinity
for the steroid, since it is circulating in such low concentrations.
In my laboratory we have focused on its interaction in the target
intestine where it stimulates or mediates an increased absorption of
calcium. We have shown that within 10-12 hours there is a maximal sti-
mulation of intestinal calcium transport (MYRTLE and NORMAN, 1970).
Also associated with the increase in intestinal transport is the pro-
duction or appearance of a calcium binding protein (CaBP) (SPIELVOGEL,
1973; TAYLOR and WASSERMAN, 1970).

Our laboratory has proposed (TSAI, WONG and NORMAN, 1972; TSAI and
NORMAN, 1973a) that the mode of action of 1,25-dihydroxycholecalci-
ferol is very much akin to that of other classical steroid hormones.
That is, it produces its biological response by association with a
nucleus of the target cell and stimulates a "read-out" of genetic in-
formation which is essential to the development of some of the char-
acteristic physiological response. Fig. 1 provides a summary of data
we have obtained in recent years which supports this contention. The
top series of panels reviews the structure of the steroids involved

in the two-step metabolism of calciferol to 1,25-dihydroxycholecalci-
ferol. The second set of panels shows the subcellular localization of
radioactivity which results in the target intestinal mucosa after in-
tracardial, intraperitoneal, or oral doses of radioactive cholecalci-
ferol, or 1,25-dihydroxycholecalciferol. The maximum localization of
radioactivity in the intestine occurs in 16 hours, 12 hours, or 4 hours,
respectively after administration of physiological doses of these
steroids (65-3000 pmoles). In each instance, the largest proportion of
radioactivity is associated with the nuclear fraction of the cell. The
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Fig. 1. Summary of calciferol metabolism (top line), subcellular lo-
calization of calciferol + metabolites (middle line), saturation of
intestinal chromatin receptor with 1,25-(0OH)»-Dj (third line) and
stimulation of intestinal calcium transport (bottom line) after doses
of calciferol (left panels), 25-OH-calciferol (middle panels), or 1,25-
(OH) y-calciferol (right panels)

time requlred for maximal nuclear localization is of the expected or-
der, in view of the required metabolic tramsformations of cholecalci~-
ferol and its 25-hydroxy derivative. As shown in the third row of
panels, as we administered increasing doses of these three steroids,
there is only a finite amount of radioactivity which subsequently
localizes in the intestinal chromatin binding sites. In each instance,
we have examined the chemical form of this radioactivity which is as-
sociated with the nucleus and its chromatin fraction. In fact it al-
ways is 1,25-dihydroxycholecalciferol, irrespective of which steroid
was admlnlstered to the animal. The binding capacity of the intestinal
chromatin receptor became saturated after a dose of 1950, 1400, or 26
picomoles of cholecalciferol, 25-hydroxycholecalciferol or 1,25-dihy-
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droxycholecalciferol respectively. As shown in the bottom set of panels,
exactly the same maximum dose of steroids which resulted in a satura-
tion of the intestinal chromatin receptor, also resulted in a maximum
stimulation of intestinal calcium transport. Further, the lag time in
hours required to saturate the chromatin receptor sites was in good
agreement with the lag time necessary to produce the maximum calcium
transport. That is to say, the length was longest in both instances
with cholecalciferol, was intermediate in length with 25-hydroxychole-
calciferol, and was shortest with the steroid 1,25-dihydroxychole-
calciferol. Thus, we are attempting to establish the validity of the
concept that there is a very strong cause-and-effect relationship be-
tween the appearance of 1,25-dihydroxycholecalciferol in the target
intestinal mucosa and a subsequent development of the biological re-
sponse, increased intestinal calcium transport.

In other experiments not shown here, TSAI and NORMAN (1973b) have
conclusively shown that prior to the association of 1,25-dihydroxy-
cholecalciferol with its binding protein in the chromatin, that it is
obligatorily associated with a binding protein present in the cytosol
ofthe target intestine. This cytosol-binding protein apparently func-
tions to transfer the steriod from the outer cell membrane to the
nucleus. After arrival of the steroid in the nucleus, there ensues an
as yet undefined series of steps wherein there is initiation or sti-
mulation of the synthesis of RNA and protein. TSAI and NORMAN (1973b)
have recently demonstrated that physiological doses of 2-6 U (50-150
ng) of 1,25-dihydroxycholecalciferol will maximally stimulate a syn-
thesis of RNA by 4-6 hours in the intestine. This agrees nicely with
the maximal localization of the steroid in the intestinal chromatin
at 4 hours and a maximal stimulation of intestinal calcium transport
by 8-9 hours.

One point that is obvious from the complex set of interrelationships
and interactions discussed above is that there are a multiplicity of
possible sites and steps where the calciferol endocrine system may

be disrupted. Thus, it is not surprising that there is such an array
of disease states which are known to be related in some fashion to
vitamin D. Fig. 2 presents a summary of many of these. Several pos-
sible means of discussing these disease states include an analysis
from the point of view of: (a) their abnormal responsiveness to vita-
min D therapy as evidenced by a hypersensitivity, antagonism or re-
sistance to the steroid, or (b) a systems analysis point of view
wherein a disease may be related to a particular problem either in
production of the biologically active form of vitamin D at certain
organs or to the elicitation of the biological response at other tar-
get organs. Given the primary thesis of this article, that 1,25-dihy-
droxycholecalciferol is the biologically active form of vitamin D, it
is obvious why the kidney plays such an important and integral role in
health and diseases which are known to be related to vitamin D. Any
disease state which directly impairs the production of 1,25-dihydroxy-
cholecalciferol by the kidney or which interferes with any of the mul-
tiplicity of steps involved in calcium homeostasis leading to an ab-
normal feedback signal to the kidney, will result in an altered pro-
duction of the hormone. Thus, the kidney can be directly implicated

or implicated in a secondary manner in a wide variety of metabolic
diseases. In either case, if a deficiency in the biologically active
form of calciferol ensues, a large spectrum of bone diseases may de-
velop, such as rickets, osteomalacia, osteopenia, or fibrogenesis im-
perfecta ossium. However, these same end conditions may occur as a
consequence of a wide variety of primary reasons, and from the point
of view of the clinician, it is often a difficult and challenging task
to analyze and predict what the nature of the primary disorder may be.
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Fig. 2. Disease states in man related to calciferol

For a number of years, clinical findings have suggested similarities
between patients with vitamin D deficiency and those with chronic
renal failure (STANBURY and LUMB, 1962). Thus, impaired growth and
deformities of long bones were described in children with chronic
renal failure (FOLLIS, 1950). Moreover, such patients failed to re-
spond to treatment with quantities of calciferol that were effective
in those children with nutritional rickets. LIU and CHU (1941) ori-
ginally showed that dihydrotachysterol (DHT) was effective in patients
with renal disease while cholecalciferol was not. With the chemical
characterization of 1,25-dihvdroxvcholecalciferol and the realization
that the unique aspect of this steroid molecule was the presence of

a hydroxyl at carbon number 1, it was readily apparent that DHT has
certain structural similarities to the 1,25-dihydroxycholecalciferol
(NORMAN, 1971). The conformation of the A ring of this steroid is in-
verted in relationship to calciferol resulting in the hydroxyl at
carbon-3 occupying a "pseudo carbon number 1 position". As can be seen
in Fig. 3, the hydroxyl at carbon number 3 of DHT has the same stereo-
chemical position as the one hydroxyl of 1,25-dihydroxycholecalcife-
rol. It was not long before the ingenuity of the chemist produced the
compounds, 5,6-trans-cholecalciferol, 25-hydroxy-5,6-trans-cholecalci-
ferol and 1-hydroxy-cholecalciferol. These should all be considered

to be chemical analogs of the natural steroid 1,25-dihydroxycholecalci-
ferol. The 5,6-trans isomers can be produced readily by employing
simple chemical conditions that mediate the cis-trans isomerization of
the 5,6 double bond. Chemical synthesis of 1-hydroxy-cholecalciferol
represents a remarkable feat, inasmuch as it is very difficult to in-
troduce via chemical means a hydroxyl group at carbon number 1. How-
ever, as shown in Table 1, six laboratories to date have accomplished
this feat. Preliminary results obtained with all three of these analogs
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Fig. 3. Compounds related to vitamin D. None of the structures in

this figure are naturally occuring steroids; all except the epi-series
(middle line) have been chemically synthesized. Tachysterol, is an
irradiation product of 7-dehydrocholesterol and is without any bio-
logical activity. The dihydrotachysterol steroids are produced by
chemical reduction of the parent tachysterol; the designation, dihy-
drotachysterol; and dihydrotachysterols3, indicates that the side chain
is that of ergosterol or 7-dehydrocholesterol, respectively. Epi-7-
dehydrocholesterol is identical in structure to 7-dehydrocholesterol
except that the configuration of the hydroxyl at position 3 is re-
versed

suggest that the "pseudo-1" character of these compounds confers upon
them the ability to produce biological effects only previously obtain-
able by administration of calciferol or 1,25-dihydroxycholecalciferol
(NORMAN, OKAMURA and MITRA, manuscript in preparation; HOLICK et al.,
1972b,c, 1973). In particular, the biological activity of these com-
pounds has been examined in nephrectomized animals. Under these cir-
cumstances the lack of renal tissue should normally prevent any bio-
logical response from cholecalciferol or 25-hydroxycholecalciferol.
Only steroids which do not require 1-hydroxylation and bypass this
obligatory renal enzymatic step, would be capable of producing a bio-
logical response. Thus 1-hydroxycholecalciferol, 5,6-trans-cholecalci-
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Table 1. Chemical synthesis of calciferol metabolites and analogs
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