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Historical introduction
Antoni Van Leuwenhoek was the first
person to identify crystals in relation to
a diseased joint. Using his early
microscope he saw and drew crystals
derived from the gouty tophus of a
friend in 1679.' Sir Alfred Baring
Garrod first proposed that crystals
might cause inflammation; the third
and fourth of his 10 propositions on
gout state: 'The deposit is crystalline
and interstitial ... (and) may be
looked upon as the cause and not the
effect of the gouty inflammation'.' His
and his pupil Freudweiler then carried
out the first experiments on
crystal-induced inflammation at the
turn of the century.3 Radiological
evidence of crystalline deposits in and
around the joints was noted soon after
the introduction of radiology to
diagnostic medicine,4 and reports of
inflammation in relation to these
deposits appeared early in the 20th
century.' 6
In spite of these early observations
linking crystals to joint disease, the
modern history of this subject is
surprisingly short; many of the
historical observations noted were
only rediscovered when Hollander,
McCarty, and others started to explore
the subject in depth in the early 1960s.
Examination of synovial fluids by
polarised light microscopy first
established that monosodium urate
monohydrate crystals were a feature of
gout,7 and then led to the discovery of
calcium pyrophosphate dihydrate
crystals in 'pseudogout'.' 9 The
pseudogout syndrome was then linked
with the earlier discovery of familial
chondrocalcinosis by Zitnan and
Sitaj."' A rapid expansion of
experimental work followed these
discoveries. Crystals were shown to be
capable of reproducing the acute

synovitis of gout and pseudogout" and
the phlogistic properties of the crystals
were demonstrated in vitro.'2 A
simple, elegant model of
crystal-related arthropathies emerged
(Fig. la).
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Problems
The fact that crystals are often present
in diseased joints is not in dispute, but
the relevance of that finding is being
questioned. Four fundamental
problems have arisen.
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Fig. 1(a) The simple concept of
crystal-related arthropathies developed
in the 1 960s.
During the past decade
technological advances have helped
produce a further expansion of
knowledge, if not of understanding.
Sophisticated analytical techniques
have identified a far wider range of
crystal species in joint tissue than was
previously contemplated.'3- i6 In
addition, the potential complexity of
the interaction between crystal
surfaces and biological systems has
been explored, 1718 and the
relationships between joint disease
and crystal deposition have been
re-examined critically .19 20
Consequently, present concepts of the
pathways involved in a crystal-related
arthropathy are less clear cut than
those of two decades ago (Fig. lb).
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Fig. 1(b) Some of the pathways now
thought to be involved in crystal-related
joint disease.

Table 1 Some ofthe crystals
identified in human articular and
periarticular tissue
Monosodium urate monohydrate
Urate spherulites
Ultrasmall urate crystals
Monoclinic calcium pyrophosphate
dihydrate
Triclinic calcium pyrophosphate dihydrate
Ultrasmall pyrophosphate crystals

Hydroxyapatite
Carbonate apatite
Octacalcium phosphate
Apatite spherulites
Dicalcium phosphate dihydrate

Calcium triphosphate
Calcium carbonate
Calcium oxalate
Cholesterol
Liquid lipid crystals
Mixtures of crystals

have been identified in human
articular tissue. Faced with such a list
and appreciating the wide range of
different techniques used for tissue
sampling, particle extraction, and
crystal identification, the sensitivity
and selectivity of the methods used
must be established. Errors and
artefacts are easily introduced by the
methods, and it is easier to find a
particle than to say either what it is or
when it appeared and where it came
from.
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It is almost impossible to exclude the
presence of crystals in any individual
patient.
(II) THE ORIGIN OF CRYSTALS

The body contains a number of
complex systems designed to activate
crystal formation where it is
beneficial-for example, bones and
teeth-and inhibit it where it is
undesirable ('high risk' areas such as
excretory organs contain crystal
poisons-for example, salivary and
urinary inhibitory proteins).
Generalised or localised metabolic
abnormalities may cause a solute
excess that can overcome inhibition
and lead to extensive crystallisation.
Examples include patients undergoing
haemodialysis with high phosphate
concentrations who deposit calcium
phosphates in a variety of sites
(generalised solute excess) and
patients with hyperuricosuria who
develop renal stones (localised solute
excess). In other crystal deposition
diseases a local tissue abnormality
seems to be more important than
solute excess as, for example, in the
dystrophic calcification developing in
tuberculous lesions.
In joint diseases local or generalised
solute excess may occur-for example,
localised excess of inorganic
pyrophosphate in pyrophosphate
arthropathy and hyperuricaemia in
gout. It is often difficult, however, to
establish true solute concentrations
because of the complexity of the
biological system. Joint damage may
also lead to removal of natural
inhibitors of crystallisation or
introduce local promoters of crystal
nucleation. Small local changes in
temperature, pH, and the
concentration of a variety of ions could
also be caused by joint damage and
could promote or inhibit crystal
formation.
There could therefore be complex
interactions between general and local
metabolic factors and localised joint
damnage, leading to the origin of crystal

deposits.
(III) CRYSTAL-INDUCED TISSUE
DAMAGE

Crystal deposition is associated with
two types of joint disease: acute self
limiting att8cks of synovitis, and
chronic destructive joint changes.
Crystal-induced inflammation is
probably one of the most widely

investigated and best understood
pathogenic mechanisms in rheumatic
diseases. It is, however, far from being
fully understood. The relevance of
crystal surfaces, crystal-protein
interactions, crystal-cell interactions,
and the release of a variety of
mediators and modulators of
inflammation is still being explored.
The possible mechanisms whereby
crystals might contribute to chronic
destructive joint diseases have hardly
been investigated. The effects of
crystal-induced surface wear and of
crystal deposition on the compliance
and other mechanical properties of
cartilage and soft tissues remain
unexplored. Several recent
developments, however, indicate that
calcium-containing crystals may have a
wider range of biological and cellular
effects than was previously
appreciated. They may, for example,
cause release of destructive enzymes
such as collagenase from synovial cells
in culture, and this may be one
mechanism involved in joint
destruction. Rapid developments in
this field may be expected.
(IV) RELATIONSHIP BETWEEN
CRYSTALS AND JOINT DISEASE

Most investigators have assumed that
crystal deposition is pathological and a
cause of disease. There are now many
reasons to doubt this basic assumption.
Figure 2 summarises some of the
(1)
X

(2)

JOINT DISEASE

-> JOINT DISEASE

possible relationships between crystal
deposition and joint disease. Crystal
deposits may be found in
asymptomatic, otherwise normal,
joints. Chondrocalcinosis is often a
chance radiological finding, and urate
crystals have recently been found free
in joint fluids in the absence of any
evidence of inflammation. The
identification problems mentioned
and the paucity of data on normal joint
tissue, add to the difficulty in
establishing the true relationship
between crystals and joint disease.
The experimental data make a
compelling case for acute synovitis
being 'caused' by crystals in some
patients. It remains to be seen why this
does not always happen and what
limits attacks. The relationship
between chronic joint damage and
crystals may be revealed by careful
prospective studies of patients, and
may depend on interactions between
tissue damage and crystallisation.
Conclusions

Crystal deposition is a feature of many
acute and chronic disorders of joints.
The mechanisms involved have been
explored only in the past 20 years.
Improved technology has led to the
identification of many new crystals and
many new problems. The proceedings
of this symposium indicate our ideas,
and some of the main subjects for
research in 1982. We expect that this
work will soon be outdated by further
advances.
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Fig. 2 Some of the possible
relationships between crystal
deposition and joint disease. (1) Joint
disease causes crystallisation. (2)
Crystals cause joint disease. (3) Crystal
deposits are a by-product ofthe process
causing arthritis. (4) Crystal deposition
and joint disease are independent, and a
chance relationship exists. (5) Joint
damage and crystal deposition interact
together.
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Crystals and inflammation
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The inflammatory response is one of
the most fundamental defence
mechanisms in human biology and is
considered under the headings 'acute'
and 'chronic'. Acute inflammation is
associated with small molecular weight
mediators such as the biogenic amines,
products of the lipoxygenase and
cycloxygenase pathways and small
peptides such as kinins. The cells
commonly considered under this
heading are polymorphonuclear
leucocytes, eosinophils, and perhaps
basophils and mast cells. It is
customary to think of chronic
inflammation in terms of larger
molecular weight molecules such as
acidic and neutral proteolytic
enzymes, complement component
proteins, proteins of the coagulation
and fibrinolytic systems, lymphokines,
interleukins, and immunoglobulins
and to visualise the cellular
involvement in terms of lymphocytes,
cells of the mononuclear phagocyte
lineage, endothelial cells, and
fibroblasts.
That such a convenient but artificial
compartmentalisation is incorrect is
abundantly clear to any
histopathologist accustomed to
viewing damaged human tissue where
these processes may all be seen in the
same histological section. When one
appreciates the additional confusion of
the dynamism of events in human
disease, the rate of flow or traffic of
incoming cells through an inflammed
site, then a simplistic view of
inflammation becomes untenable. It is
with this insecure backcloth in mind
that we have to view the questions
currently being asked about the role of
crystals in the promotion of
inflammation.
What are the cellular and
extracellular events and biochemical
processes which occur when a crystal
interacts with a biological membrane?
To begin to think about this it is
necessary to consider our present
concept of the cell membrane at which

upon

Tyne

point so many important events occur.
The lipid bilayer is a three dimensional
network which is continuously
recycling. Surface membrane
fragments are in equilibrium with
membrane segments within the cell so
that in many circumstances these may
be freely interchangeable. Thus the
nuclear membrane is well adapted to
interchange freely with intracellular
structural membrane and with cell
surface membrane. It is important to
emphasise the fluidity of the
membrane; an insulin or antigen
receptor may be present and expressed
at one time of day yet not at another.
Hydrophilic protein segments float in
constrained fashion within the lipid
bilayer. The glycosylated end of the
molecule is orientated towards the
inside of the cell, while the superficial
polysaccharide segments project into
the extracellular milieu. All of the
membrane functions which are taken
for granted and too often studied in
isolation occur in an integrated fashion
dependent on events occurring close to
and also at a considerable distance
from the reaction site. Thus oxygen
uptake and metabolism are linked to
disulphide exchange interactions and
to monovalent and divalent cation
transport, all of these being required as
fuel to provide energy and to maintain
the integrity of the intact cell.
Hormone recognition and in some
instances internalisation and the
process of antigen recognition and
'restriction' by the major
histocompatability complex are also
dependent on the integrity of the
membrane and on the availability of
energy and substrates. Phagocytosis,
endocytosis, 'regurgitation during
feeding', migration, blast
transformation, and secretion whether
it be of hormone, structural protein,
leukotriene, immunoglobulin,
interleukin or lymphokine are all
integrally dependent on these
functions.
We have recorded some of the many

interactions between crystals and
biological membranes.
Mechanisms of crystal-induced
damage
CELLS

Polymorphonuclear leucocytes,
endothelial lining cells
One of the earliest contenders as
putative effector cells in the
production of crystal-induced tissue
destruction was the polymorphonuclear leucocyte. It was
within or around these cells that
crystals were first discovered.' The
stage was set, therefore, for a unitary
hypothesis that would explain
inflammation and tissue destruction in
diseases such as gout and calcium
pyrophosphate. This was proposed by
Hollander and McCarty and was
focused on the polymorphonuclear
leucocyte as the central cell. It also
stated, if only implicitly, that the
responsible crystals were formed in the
extracellular space. The model was an
extension of the 'rupture from within'
hypothesis proposed in the context of
pulmonary disease produced by
silicate crystals.2 After ingestion of a
non-metabolisable crystal it is
suggested that the crystal surface binds
to and disrupts the membrane of the
secondary phagolysosome-producing
release of lytic enzymes within the cell
and cell death. Thereafter both the
unmetabolised crystal and these same
lytic enzymes are released into the
extracellular space where both are
then in a position to produce further
tissue destruction.
Early work by Phelps and McCarty3
showed pronounced suppression of
inflammation in a canine urate crystal
model when neutropaenia was
induced by the administration of
vinblastine. The inflammatory
response was restored by transfusion
of normal blood. Unfortunately,
vinblastine exerts effects on many
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systems in addition to the
polymorphonuclear leucocyte. This
criticism is also applicable to work
which overinterprets results with
cobra venom depleted animals. In an
attempt to overcome this problem
Chang and Gralla4 produced similar
results using heterologous
antipolymorphonuclear serum, again
focusing attention on the requirement
for polymorphonuclear leucocytes.
A considerable amount of excellent
work was focused on the late
enzymatic events that could be
responsible for matrix destruction and
cell death and it was documented that
this train of events could be set in
motion during phagocytosis of
preformed crystals. Discharge of
enzymes possessing maximal activity
either at acidic or at neutral pH was
shown to occur during phagocytosis
and endocytosis even in the intact cell
and was described as 'regurgitation
during feeding'. It was also shown that
these cellular enzymes possessed all of
the various activities required to digest
each of the components of normal or
abnormal connective tissue collagen,
glycoprotein and proteoglycan matrix.
It seems likely that these enzymes
exert their maximum effect in the

pericellular area or intracellularly
rather than in plasma, synovial fluid,
or the extracellular space.
A considerable volume of work
published subsequently is in accord
with this model. Hoffstein and
Weissman' exploited the peculiar
characteristics of the large lysosomes
of the smooth dogfish shark in a most
elegant series of studies. The time
course of cell death after exposure to
prefonned crystals was monotored. Cell
death began within 10 to 15 minutes of
fusion of lysosomes with

crystal-containing phagosomes,
primary crystal-free phagosomes
remaining unaffected. The early
release of the cytoplasmic enzyme
lactic dehydrogenase in addition to
lysosomal enzymes is an indication of

the peculiarly destructive effects of
some crystals, particularly
monosodium urate, on polymorphs.
This response was inhibited by
cytochalasin B, which impairs
phagocytosis, and by agents which

increase cyclic adenosine
monophosphate activity such as
theophylline. These results were
consistent with the Hollander and

McCarty 'suicide-sac' hypothesis. A
considerable number of published
reports now derive from sequential
studies of the interaction of preformed
urate, calcium pyrophosphate, and
other crystals with polymorphonuclear
leucocytes in vitro to establish the
sequence of events which follows
contact and subsequent ingestion of
crystals by these cells. Differences
betwen crystals tend to be quantitative
rather than qualitative and may
depend on differences in size, surface
charge, and interaction with various
adsorbed proteins. Again most reports
support the validity of the suicide-sac
model at least in vitro.
Although much of the work on the
interaction of polymorphs and crystals
has centred on the release of lysosomal
enzymes the first reaction,
chronologically, of the polymorph to
crystals is the production of oxygen
radicals. These toxic oxygen-derived
products include superoxide,
peroxides, and hydroxyl radicals and
their release is triggered within 30
seconds of contact between
polymorph membrane and crystals.6 A
series of methods of measuring these
products have been used including
cytochrome reduction,7 nitroblue
tetrazolium reduction8 and
luminol-dependent chemiluminescence6 and have demonstrated
modifying effects of protein coating of
crystals and complement activation.7
The exact role of these potential toxic
products is at present unclear,
although if nothing else they do offer a
very early marker of polymorph
activation.
Much of the core of these ideas may
stand the test of time and subsequent
experiment but at the moment certain
observations militate against the
simple assumption that the
polymorphonuclear leucocyte is
indeed the sole cell responsible.
Schumacher et al.9 have documented
clearly in thorough sequential studies
that the first cell to interact with a
monosodium urate crystal is the
synoviocyte and that only thereafter
were polymorphonuclear leucocytes
recruited.
Glatt et al. 0 in parallel studies but
using the rat pleural cavity,
demonstrated only 50% reduction in
inflammatory response when
neutropaenia was induced with
cyclophosphamide and concluded that

the pleural lining cells made an
important contribution. The same
criticism that may be levelled against
the selectivity and specificity of cobra
venom or vinblastine is applicable to
cyclophosphamide.
Finally, crystal-induced tissue
destruction and inflammation has
been recorded in man at a time when
there could have been only a very few
polymorphonuclear leucocytes
present." "These observations do not
contradict most of the previous in vitro
work but they do focus attention on
the importance of cells other than
polymorphonuclear leucocytes in the
production of inflammation and tissue
destruction in vivo.
Platelets
Platelets are capable of phagocytosing
monosodium urate crystals'3 and
respond in two phases, an active phase
with release of adenosine diphosphate
and triphosphate and serotonin
followed by a lytic phase with release
of lactic dehydrogenase. How much
this interaction of crystals with platelet
membranes contributes to the total
inflammatory response has yet to be
quantified but again the interaction is
modulated by proteins that are
adsorbed on to the surface of the
crystal (vide infra). An early
nonspecific interaction may occur
through direct contact and hydrogen
bonding. Thereafter more specific
interaction occurs between exposed Fc
groups projecting from the crystal
surface (to which they are bound by
their Fab binding site) and platelet
membrane Fc receptors in a manner
analogous to the binding of crystals to
nucleated cell membranes. If these
suggestions are true then there must be
considerable differences of binding
energy at these sites and this has yet to
be demonstrated.
NON-CELLULAR MEDIATORS OF
INFLAMMATION

Immunoglobulins
The first group to call attention to the
binding of protein to the surface of
crystalswasScheeletal. in 1954.'4The
interaction of crystal surfaces with
specific proteins such as complement
components and clotting factors is well
documented. However, many other
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proteins bind to crystal surfaces. IgG
binds in the greatest quantities
followed by lysozyme, serum albumin,
and ovalbumin in that order."5 The
functions that are affected by this
interaction include electrophoretic
mobility, isoelectric point and several
titratable groups, and functional
changes occur in Hageman factor,
complement, and IgG. One of the
most interesting points that has been
emphasised by Hasselbacher"6 is that
conformational changes occur in the
tertiary structure of the adsorbed
protein which may have profound
effects upon its function.
The most intense interest in
crystal-protein interaction is focused
on immunoglobulin binding, which
seems to occur by the Fab binding site,
leaving the Fc fragment free to interact
with any cell or structure which
possesses an Fc receptor. It is likely
that these subsequent interactions at
the Fc site account for a considerable
proportion of the biological effects of
crystal-protein interaction. Cationic
species of IgG are bound
preferentially to anionic crystals such
as calcium pyrophosphate (CPP),
monosodium urate, calcium
hydroxyapatite, and amphibole
asbestos, whereas the only positively

charged crystal, chryositile asbestos,
binds anionic IgG. Thus electrostatic
bonds are important even if other
species of bonding such as Van der
Waals, hydrophobic or hydrogen
bonds may also participate in different
circumstances.'6 These surface charge
interactions may dictate the subclass of
immunoglobulin bound and even the
orientation of the molecule.
It should be emphasised that
adsorption of proteins of various
species may operate to protect against
as well as to enhance membranolysis'7
and it is probably too early to speculate
from the meagre data available on the
resultant effect in vivo.

Complement
There has been considerable interest
in the role of complement in the
production of crystal-induced
diseases. Decreased complement and
the presence of complement split
products has been noted in acute
gout.'" In vitro activation of both
classic and alternative pathway, with
and without the presence of
immunoglobulins, has been

documented by several authors.
Complement activation was at first
thought to be produced only when
endotoxin was adsorbed to the crystal
surface but this hypothesis does not
explain all of the experimental data.
Subsequent work showed conflicting
results due, at least in part, to
differences in crystal numbers and
surface characteristics on the one hand
and other experimental conditions on
the other. Naff and Byers" described
the activation of complement by
monosodium urate crystals. They
noted a small decrease in Cl activity
but pronounced decreases in C2, C3,
C4, and C5 and suggested a
mechanism other than the classic
pathway of activation. Considerably
less activation of complement
occurred in agammaglobulinaemic
sera. Hasselbacher reported activation
of C3 by monosodium urate, calcium
pyrophosphate, and hydroxyapatite,
and concluded on the basis of calcium
dependency and abolition of the
activation with EDTA and EGTA that
the classic pathway was the major
pathway of activation." Ginsberg et al.
reported decreased Cl, C4, and C3
haemolytic activity and again
concluded that the classic pathway was
the significant mechanism.2' They also
suggested that the activation occurred
independently of IgG, by direct binding
of the crystal to Clq. Doherty and
Dieppe reported activation of C3 in a
manner suggestive of alternate
pathway activation, and again
suggested that the mechanism was
independent of immunoglobulin."
These results may be interpreted as
showing that crystals alone appeared
capable of activating both the
alternate and classic pathways, whereas in the presence of adsorbed
immunoglobulin activation of the
classical pathway by binding through
their exposed Fc fragments

predominates.
Hageman factor and kinins
Hageman factor has been suggested as
a possible mediator of crystal-induced
inflammation through its role in the
generation of kallikrein and kinin. Its
presence in synovial fluid and
activation by monosodium urate
crystals has been documented.'3
Activation of Hageman factor (80 000
Daltons) releases two peptide
fragments (52 000 and 28 000

Daltons respectively) and these have
been detected after the addition of
monosodium urate crystals to
abnormal synovial fluid or to dilute
normal plasma. Kininogen and
pre-kallikrein are necessary co-factors
However, an acute gouty arthritis has
been found in animals lacking
Hageman factor.24 These observations
suggest that activation of Hageman
factor is not a major mediator in
crystal-induced arthritis.
There is abundant evidence of
activation of the kinin system in vitro
but the data is less complete in vivo. It
is possible that the kinin system
operates in synergy with other
inflammatory mediators such as

cyclo-oxygenase products to produce
the exquisite pain which is so
characteristic of podagra.2"
Acute phase proteins

The interaction of acute phase
proteins and crystals in the
pathogenesis of inflammation needs
further study, in particular the role of
acute phase proteins in mechanisms of
termination of the inflammatory
response. Information is becoming
available on the structure, function,
and biosynthesis of acute phase
proteins in particular C-reactive
protein26"28 and alpha-i-acid
glycoprotein and the control
mechanisms involved.29This
information should now be applied to
crystal-induced inflammation.

Liposomes, lysosomes, cell membrane
fragments, etc.
Crystals of monosodium urate or silica
rupture natural and artificial cell
membranes in media that do not
constrain hydrogen bonding. Lysis is
enhanced by the presence in these
membranes of androgens such as
testosterone and reduced by the
incorporation of oestrogens such as
17 /3 oestradiol.'0 It has been
suggested that this interaction may
contribute to the explanation of the
difference in predeliction of the sexes
to the development of gouty arthritis.
In summary, the mechanisms of
crystal-induced inflammation are
complex and almost certainly
multifactorial. It is likely that
individual crystal types invoke
different mechanisms to variable
degrees. Furthermore: 'There is no
invariant host response to a given
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crystal' (Hasselbacher 1982).
Knowledge of mechanisms of
crystal-induced inflammation is
applicable not only to crystal-induced
diseases in rheumatology but also to
industrial lung diseases2 and possibly
atherosclerosis (P N Platt and A
Malcolm, p 000).
We believe that the first priority is to
accumulate reliable reproducible data
designed to dissect the detail of the
multiplicity of mechanisms involved in
the interaction of different crystal
surfaces with different varieties of cell
membranes in vitro. Armed with
confident and secure data we may then
erect testable hypotheses that may be
examined in vivo. All of the important
methods are available in the
laboratory and it might be better to
focus attention for a while on this
aspect of the subject rather than to
continue to erect more and more
elaborate models on the present
fragmentary and insecure data.
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Human purine metabolism: some recent advances and
relationships with immunodeficiency
GEORGE NUKI
From the Rheumatic Diseases Unit, Department of Medicine (WGH), University of Edinburgh

Studies of human purine metabolism
began some 200 years ago with
Scheele's identification of uric acid as a
constituent of a renal calculus' and
Wollaston's demonstration of urate in
a tophus from his own ear.2 Just as
these were among the earliest
experiments in the new science of
biochemistry, so Garrod's (1854)3
thread test must rank as the first assay
in what we now call the discipline of
clinical chemistry. Seegmiller's
discovery, 15 years ago, that the severe
purine overproduction and gout
observed in boys with Lesch-Nyhan
syndrome resulted from a specific
defect of the purine salvage enzyme
hypoxanthine-guanine phosphoribosyl transferase (HGPRT)4 led to
what has been described as the 'purine
revolution' and was soon followed by
the identification of other inborn
errors of metabolism associated with
primary purine overproduction and
gout. Oxypurine and deoxypurine
bases, nucleosides, and nucleotides do,
however, have much wider physiological importance as intermediates in
energy metabolism, components of
coenzymes, vasoactive and neurotransmitter substances, mediators of
hormonal action, and as the building
blocks for transmitters of genetic
information (DNA and RNA). Most
recently interest has been focused on
the role of purines, and especially
deoxypurines, in the regulation of
immune responses.
Gout and hyperuricaemia
In most individuals with gout or
asymptomatic hyperuricaemia the rise
in serum urate concentration is the
result of a decrease in renal urate
clearance. In 15% or less there is
evidence of excessive purine synthesis
and hyperuricosuria. A 24-hour
urinary urate excretion greater than

balanced interaction of several
biochemical pathways (Fig. 1). Purine
biosynthesis de novo consists of a
series of 10 enzymatic steps in which
glutamine, glycine, carbon dioxide,
aspartate, and 1-carbon-formyl
derivatives of folate are added to the
ribose moiety of phosphoribosyl
pyrophosphate (PRPP) to form
inosinic acid (IMP). Adenosine
monophosphate (AMP) and
guanosine monophosphate (GMP) are
each formed from IMP by two
enzymatic steps before phosphorylation to their respective diphosphates
and triphosphates. Alternatively, the

0-6 g (3-6 mmol) while on a 10-9 MJ
(2600 kilocalorie), 70 g protein,
purine-free diet is generally taken to
be abnormal,5 but recent data on
healthy Australians on low purine
diets showed mean urinary urates of
3-9 mmol (0 65 g)/24 hrs for men and
2-9 mmol (0.5 g)/24 hrs for women.6
A variety of mutations of three
enzymes are associated with excessive
purine synthesis in patients with gout,
but these account for only a small
proportion of those identified as
primary overproducers of urate.
Purine nucleotide synthesis in
mammalian cells is regulated by a
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Fig. 1 Pathways of purine metabolism in man.
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Reproduced from: Nuki G, Advanced Medicine 15. London: Pitman Medical,
1979: 140 with permission of publishers.
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nucleotide monophosphates may be
synthesised by phosphorylation of
purine bases by phosphoribosyl transferase enzymes reacting with PRPP,
and AMP may be formed by
phosphorylation of adenosine by
adenosine kinase. In vitro studies of
amido phosphoribosyl transferase
(PAT), the first enzyme in the de novo
pathway, show it to have allosteric
properties that one often associates
with a rate-limiting enzyme, and have
provided a molecular model for the
mechanism whereby the rate of purine
nucleotide synthesis may be regulated.
The protein exists in two forms; an
inactive dimer and a catalytically
active monomer. PRPP converts the
larger form of the enzyme to the active
monomer, while purine nucleotide
monophosphates have the reverse
effect.7

HGPRT deficiency
In Lesch-Nyhan syndrome and the
severe familial form of X-linked gout,
which is also associated with deficiency
of HGPRT, it seems logical to
conclude that the considerably
accelerated rate of de novo purine
synthesis results from both
accumulation of PRPP and diminished
feedback inhibition of PAT by purine
nucleotides. However, while
intracellular concentrations of PRPP
are increased in HGPRT-deficient
cells, steady state purine nucleotide
concentrations do not appear to be
reduced,8 and concentrations of
pyrimidine nucleotides are actually
increased.9 A good deal of evidence
suggests that PRPP, which is present in
cells at limiting concentrations, is the
major regulator of rates of de novo
purine synthesis whenever purine
overproduction occurs in vivo. On the
other hand, the importance of purine
base 'salvage' is emphasised by
experiments which show that rates of
purine synthesis in normal human
lymphoblasts may be increased to
those observed in HGPRT-deficient
mutants if hypoxanthine is carefully
excluded from the culture medium."0
Moreover, Hershfield has
demonstrated co-ordinated inhibition
of IMP conversion to adenine
nucleotides with enhancement of total
guanine nucleotide synthesis after the
addition of adenosine to human
lymphoblasts in culture, emphasising

the potential regulatory importance of
the distal inosinic acid branch point."
There is increasing evidence of
genetic heterogeneity at the HGPRT
locus."2 13 Although the severity of
clinical manifestations is usually
proportional to the severity of the
enzyme defect, this is not always
apparently the case. In rare instances
mutations resulting in abnormal
enzyme kinetics may be associated on
the one hand with the classic clinical
Lesch-Nyhan phenotype and
apparently normal red cell HGPRT
activity assayed at saturating substrate
concentrations, or on the other hand
with X-linked gout without
neurological features and apparently
absent enzyme activity in standard
assays. Immunochemical studies have
shown that most mutations at the
HGPRT locus are structural gene
mutations resulting in catalytically
defective enzyme protein that does not
cross react with antibody raised
against highly purified normal human
HGPRT (CRM negative mutants).'4
Recent studies have provided
evidence for a single amino acid
substitution in one such structural
variant (HGPRTmunich)," while other
groups have now succeeded in cloning
the HGPRT gene.'
APRT deficiency

Adenine phosphoribosyl transferase
deficiency is not associated with gout
or purine overproduction. Although
heterozygous, partial APRT
deficiency was originally described in
gouty patients it is clear from family
studies that the enzyme defect and
hyperuricaemia are inherited as
independent traits.'8 The apparent
association arose spuriously because
APRT enzyme assays were
undertaken only in patients with gout,
although heterozygous APRT
deficiency may occur in as many as 1 %
of the population.'9 More recently, a
number of patients have been
identified in whom severe,
homozygous APRT deficiency was
associated with symptomatic urinary
lithiasis and calculi composed of 2,
8-dihydroxyadenine.20 21 X-ray
diffraction, infrared and ultraviolet
absorption spectrometry, and ion
exchange chromatography of HPLC
extracts of these stones have been
required to differentiate the adenine

metabolites from uric acid." These
patients may be treated successfully
with a low purine diet and
allopurinol," which inhibits the
formation of 2,8-dihydroxyadenine.
Superactive PRPP synthetase

Structural mutations resulting in
superactive phosphoribosyl pyrophosphate synthetase are now well
established as a cause of X-linked gout
and purine overproduction. Initially
increased enzyme activity was associated with decreased sensitivity to
feedback inhibition by purine nucleotides in one family" and a primary
increase in catalytic activity per
enzyme molecule of the mutant protein in another.'4 More recently the
genetic heterogeneity and diversity of
abnormalities in kinetic mechanisms
leading to superactivity of this enzyme
has been extended to include mutants
with increased V max, various abnormalities of purine nucleotide feedback
inhibitor responsiveness, increased
affinity for the substrate ribose-5phosphate, and a combination of
catalytic and regulatory defects."
Most affected males have presented
with gouty arthritis and/or uric acid
urolithiasis in early adult life, but two
families have been described where
homozygous boys developed symptoms in childhood and shared
metabolic abnormalities and nerve
deafness with their heterozygous

mothers.'6 27

Type I glycogen storage disease

Glucose-6-phosphatase deficiency is
associated with both overproduction
and underexcretion of uric acid, so that
gout and hyperuricaemia become
appreciable clinical problems in
affected individuals fortunate enough
to survive to adult life. Persistent lactic
acidaemia is the major cause of
impairment of uric acid excretion and
the simultaneous increase in de novo
purine synthesis observed in these
patients is thought to result from
excessive production of PRPP after
'shunting' of metabolites through the
pentose phosphate pathway.'8 It has
been difficult to test this hypothesis
direct, as glucose-6-phosphatase
activity is limited to the liver, kidney,
and intestinal mucosa. Recently it has
been suggested that increased purine
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production in this disorder may be
secondary to accelerated purine
degradation after recurrent
glycogenolysis and depletion of
ATP29; rather like the mechanism
accounting for the purine
overproduction and hyperuricaemia
which follow ingestion or infusion of
fructose.30 Van den Berghe and his
colleagues believe that the hepatic
catabolism of adenine nucleotides and
the formation of uric acid are
regulated by the activity of AMP
deaminase.3'
Type I glycogen storage disease is
usually characterised by complete
absence of hepatic glucose-6phosphatase. We have recently
reported the case of a child with a partial enzyme deficiency where there was
a striking absence of hypoglycaemia.32
This suggests that type I glycogen storage disease with partial deficiency of
hepatic glucose-6-phosphatase should
perhaps be considered in patients with
gout or hyperuricaemia associated
with hypertriglyceridaemia and lactic
acidaemia, even in the absence of
hypoglycaemia.
Other enzyme defects and gout
We are still unable to define the
metabolic abnormality responsible for
purine overproduction in most of the
few patients with gout who are primary
hyperexcretors of uric acid. Though
some of these may well be attributable
to subtle kinetic variations of known
enzyme defects not detectable in
standard in vitro assays, it seems
probable that other primary purine
enzyme defects remain to be
discovered. For example, in vivo33 and
in vitro34 studies with drugs that inhibit
IMP dehydrogenase suggest that
deficiency of this enzyme might well be
associated with primary purine
overproduction.
PURINE ENZYME

ABNORMALITIES AND
IMMUNODEFICIENCY

A great deal of interest has been
recently aroused by the association of
two inborn errors of purine
metabolism with immune deficiency
syndromes.
Severe deficiency of adenosine
deaminase (ADA) was first reported
in red cell haemolysates from two
children with severe combined
immunodeficiency in 1972.3 Three

years later Eloise Giblett also reported
a gross deficiency of red cell purine
nucleoside phosphorylase (PNP) in
children with recurrent infections and
a predominant T-lymphocyte

deficiency.36
The causal relationship between
these inherited enzyme abnormalities
and the immunodeficiency syndromes
is now established and has highlighted
the need for an intact purine catabolic
pathway to maintain normal cellular
and humoral immunity. In patients
with deficiencies of ADA and PNP
plasma concentrations of deoxyadenosine37 and deoxyguanosine3"
are raised. These deoxynucleosides
are selectively phosphorylated and
trapped by T-lymphocytes with high
activities of deoxycytidine kinase and
low activities of intracellular deoxynucleotidase. As a result deoxyadenosine39 and dexoyguanosine4
accumulate in the cells, leading to
inhibition of ribonucleotide reductase
and DNA synthesis. An alternative
mechanism for the toxicity of deoxyadenosine in ADA deficiency has
been proposed by Hershfield,4" who
showed that it causes irreversible 'suicide' inactivation of the enzyme
S-adenosyl homocysteine hydrolase.
Consistent with this hypothesis
S-adenosyl homocysteine hydrolase
activity is found to be considerably
reduced in the red cells of children
with ADA deficiency,42 but an alternative explanation needs to be found to
explain the T-cell deficiency in PNP
deficiency, as deoxyguanosine does
not inhibit the S-adenosyl homocysteine hydrolase enzyme.
To explain the difference in the
immunodeficiency syndromes
associated with ADA and PNP deficiency, evidence has recently been
produced to show that intracellular
ATP activities are depleted with
accumulation of deoxyadenosine but
not with deoxyguanosine, so killing the
non-dividing helper T-lymphocytes.43
Humoral immunity persists in patients
with PNP deficiency because T-helper function is relatively proliferation
independent.
Decreased activity of the ectopurine
5' nucleotidase (5'NT) enzyme has
been associated with X-linked"4 and
acquired adult onset (common variable) hypergammaglobulinaemia.45
Deficiency of this enzyme does not,
however, result from a primary gene

mutation and there is no evidence to
suggest that it is causally related to
B-cell deficiency. 5'NT deficiency in

X-linked agammaglobulinaemia
largely reflects the deficit in circulating
B-cells which have high 5'NT activity.
B-cell numbers are, however, almost
normal in common variable hypogammaglobulinaemia and in this situation it seems likely that reduction in
5'NT is associated with a population of
relatively immature B-lymphocytes.
5'NT has been previously shown to be
a marker of differentiation in both T46
and B47 lymphocytes.
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Studies of urate crystallisation in relation to gout
R. W. FIDDIS, N. VLACHOS, P.D. CALVERT
From the School of Chemistry and Molecular Sciences, University of Sussex, Brighton

Introduction

Solubility

Gout is associated with the appearance
of crystals of monosodium urate
monohydrate (hereafter called sodium
urate) in the synovial fluid, causing an
inflammatory reaction. There is a good
correlation between the incidence of
gout and raised serum uric acid
concentrations. In particular the
occurrence of gout increases rapidly
with concentration above the
saturation solubility of sodium urate in
physiological saline, about 0 4 mmolIl
(7 mg/100 ml). Apparently we can
view the development of gout as
stemming simply from the process of
precipitation from a supersaturated
solution. We discuss what may be
learnt about the development of the
disease by laboratory studies of urate
crystallisation and what this may tell us
of the cause and treatment of gout.
An analysis of the precipitation
process may be divided into a number
of stages. Firstly, we must establish
that the solution is supersaturated. In
undersaturated solutions any crystals
will dissolve, usually much faster than
they grew, so we must be sure that
supersaturation occurs at the
precipitation site and is constantly
maintained. Nucleation, the initiation
of new crystals, often requires quite
large supersaturations to occur
spontaneously. The nucleation rate
may be enhanced by the presence of
small quantities of foreign particles
such as dust so it is often quite difficult
to determine why nucleation is easy
under some circumstances and
difficult under others. Having
nucleated, crystals grow at a rate which
depends on the supersaturation. At
low supersaturations growth rates may
be so slow that the crystals apparently
do not grow at all. By combining a
knowledge of physiological urate
concentrations with in vitro
observations on nucleation and growth
rates we can estimate the time scale for
crystals to appear in vivo.

There have been several
measurements of the solubility of
sodium urate in water.1`3 This is a
strong function of temperature but is
more or less independent of pH over
the range 6-5-6-9. Expressed as a
solubility product [Na+l [HU-],, the
solubility is somewhat dependent on
ionic strength, increasing by about
50% in physiological saline over the
low ionic strength value.' Figure 1
shows our measurements for solubility
compared to those of other workers.
Measurements made by dissolution of
crystals in a microscope hot stage tend
to underestimate solubility as the stage
overheats while the crystals slowly
dissolve.

concentration will have much effect.
Also in vivo other anions will compete
effectively for the available binding
sites.
These in vitro measurements predict
a saturation concentration of urate in
serum of 0 5 8 mmol/l (9 7 mg/ 100 ml)
at 37°C which is a bit higher than the
value of 0 4 mmol/l (7 mg/100 ml)
usually taken as the critical
concentration for the onset of gout.
The concentrations achieved by the
incubation of urate crystals with
human serum are in the range of
0-3-0-5 mmol/l (6-8 mg/100 ml).5
This lower value compared to saline
solutions probably reflects the effect of
the non-electrolytes dissolved in
serum.
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Fig. 1 Solubility of sodium urate.
(-x-) This work, (-) Allen et al.,
(l) Wilcox et al., (a) Wilcox et al. by
hot stage, (0) Lam Erwin and
Nancollas.

Nucleation is easy to observe. One
simply allows solutions to cool to a
desired temperature and looks with a
microscope for precipitates after
suitable times have elapsed. The
problem is that nucleation may readily
be induced by small numbers of
submicroscopic foreign particles which
provide surfaces for heterogenous
nucleation. The nucleating efficiency
of various surfaces may be
characterised by the degree of
supersaturation at which they induce
nucleation. Thus, according to the
picture in Fig. 2, we can expect
nucleating agents to vary from
Saration
solublity

One might expect solubility in vivo
to be modified by binding of the urate
to macromolecules or tissue
components. Only the free urate and
free sodium contribute to the
saturation. Although there are reports
of binding of urate to serum albumin
and other proteins3 4 these effects
seem to be quite small. Neither weak
binding to an abundant protein nor
strong binding to a protein with a low
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inefficient ones, which induce
precipitation close to the
'spontaneous' (supersolubility limit)
line to efficient ones, which cause
precipitation at low supersaturations.
Wilcox and co-workers have made
extensive studies of the effect of
various agents on nucleating urate
solutions.2 6 Calcium, decreasing pH,
and mechanical shock have been
shown to enhance nucleation at high
supersaturations. Synovial fluids from
patients with gout were effective in
nucleating physiological saline urate
solutions at 1-8-2-1 mmolVl (30-35
mg/100 ml), whereas no nucleation
was observed below 5 mmolIl (85
mg/100 ml) in urate alone. Dialysis
and uricase treatments of the synovial
fluid did not remove this effect,
implying the presence in patients with
gout of a component that cannot be
removed by dialysis or dissolved in
uricase and that is capable of inducing
urate crystallisation. However, the
effect may be due to other crystals
formed during the handling of the
synovial fluid. No one has yet observed
nucleation in hyperuricaemic synovial
fluids or at equivalent supersaturations in vitro.
Crystal growth
Figure 3 shows measurements of
crystal growth rate as a function of
supersaturation. In our laboratory we
i

I

so

69

have followed microscopically the
growth of individual crystals at 37°C
both in aqueous solution and in saline.
This technique does not allow us to
extend our measurements down into
the range of hyperuricaemic fluids and
extrapolation is necessary. Allen et al.
used a similar technique to make

estimate growth rates in the
physiological range, these estimates
are given in Table 1.
Lam Erwin and Nancollas initiated
their experiments in a narrow range of
concentrations. They have, however,
fitted the rate of solute depletion using
a square law dependence of growth

measurements at 50'C and relatively

rate

high concentrations." Lam Erwin and
Nancollas have recently reported
measurements of growth rate made by
following the solute depletion from
seeded solutions."° They express their
results in terms of the reaction kinetics
but rve have extracted approximate
values for the linear growth rates,
which are also shown in Fig. 3.
The important finding from our
results is that the growth rate is very
strongly dependent on supersaturation. Expressed as a power
law, the linear growth rate varies as the
supersaturation, defined as (([Na+]
[HU I-)"2/([Na+] [HU-i,sp)"2 - 1), to
the 4-5 power. Such a strong dependence does not agree with the square
law, which is normally observed and
fits the screw dislocation model of crystal
growth but may be fitted to the
exponential law of the surface
nucleation model."' 12 Our
measurements of urate growth in
saline solution rather than equimolar
sodium urate suggest that the same
supersaturation dependence is
observed if the data are normalised by
division by the urate concentration
(Fig. 3). Using this information we have
extrapolated our growth rate results by
the exponential law in order to

procedure also has its problems in that
one cannot easily take account of
crystal multiplication and the chemical
analysis of the solution must be very
precise. Table 1 also gives growth rates
based on extrapolation according to
the square law.
It is important to know which of
these laws applies to low
supersaturations as this will make a
great difference to the time scale over
which urate deposits can be assumed
to develop in gout. The conclusions of
ourselves and Lam Erwin and
Nancollas are not necessarily
incompatible in that cases are known
for melt crystallisation where
exponential law growth is found unless
the crystals are deliberately damaged
when square law growth occurs.13 To
our knowledge, however, this effect
has never been observed in growth
from solution. We certainly believe the
growth is very slow at physiological
supersaturations as we have never
been able to observe growth of seed
crystals in hyperuricaemic serum at
37°C.

on

DISSOLUTION

Lam Erwin and Nancollas also
measured urate dissolution rates. This
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Table 1 Growth rates extrapolated to low supersaturation in saline
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Fig. 3 Growth rates of sodium urate
needles against supersaturation (([Na ]
[HU-i"2'([Na+] [HU-]Sp)"2 - 1).
(-I-) This work, 37'C, Na HU; (x)
this work, 37'C, 0-14 M Na+; (O) this
work, 37'C, 0 14 M Na+ corrected; (U)
Lam Erwin and Nancollas, 37'C, Na
HU; (0) Allen et al., 50'C; 0-14 M
Na+; (S) Allen et al., 50'C, 0 14 M
Na+ corrected.
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process is very fast compared to
growth and is limited by the rate at
which the urate can diffuse away from
the crystal surface.
MORPHOLOGY

By observing the morphology of urate
crystals grown in vivo one ought to be
abile to deduce something about their
growth conditions. Rinaudo and
Boistelle have recently studied the
morphology of needle-like urates in
dotail. 4 The most significant facts are
that they are weak, brittle needles and
have a strong tendency to form
spherical aggregates due to epitaxial
nrcleation when crystallisation occurs
at large supersaturations. Similar
spherical: aggregates are found,
particularly in tophaceous gout."5
Although there have been no
systematic studies it seems that the
supersaturations needed to produce
spherical aggregates on quiescent
crystallisation in vitro are much higher
than the supersaturations present in
vivo.
We have also found that continuous
stirring or short bursts of ultrasonic
irradiation may dramatically increase
the crystallisation rate of sodium urate
compared to that in unstirred
solutions. The crystallisation times, of
several days, are too long for this to be
simply a mixing effect. We believe that
this is the result of the fracture of the
fine needles leading to a rapid increase
in the number of effective growing
crystals and so to a great increase in the
crystallisation rate as measured by
solute depletion. In chemical
engineering studies this process is
known as secondary crystallisation. In
the relatively immobile circumstances
of crystals embedded in cartilage or
-synovium this could lead to spherical
crystal aggregates forming.

this binding now seems to ha ve been
an artefact of the prep arative
technique."7 18 In very small
concentrations, poisons mEay also
prevent nucleation by bin(ding to
surfaces that would otherwise induce
heterogeneous nucleation It is
generally difficult to prove that a
poison is binding to the unde tectably
small surface area of an uinknown
nucleating agent. Instead of biinding to
the nucleating agent the poisson may
bind to the surface of the growing
crystal and slow or prevy ent the
addition of further mollecules.
Nancollas and Gardner have studied
such an effect of pyrophosp hate on
oxalate crystal growth.'9 A nuimber of
dyes, including Bismarck brcDwn and
methylene blue, poison urate g rowth in
this way.8 As shown in Fig. 4 we have
studied this effect with neultral red,
serum albumin and a nunnber of
polymers. Addition of 33 mmol/l
neutral red to a 70 mmolI sodiium urate
solution increased the crystaillisation
time by a factor of 50. Serum albumin
at about 10 g/l, as in synoviial fluid,
increased the crystallisation tiime by a
factor of about 4, which is noit a large
effect (Fig. 4). Addition of 4%
synovial fluid similarly incre;ased the
crystallisation time four fold. Dialysis
of the fluid showed that this w-as due to
a high molecular weight conTiponent.
We also found that heparin a 0t.01%
was an effective crystalIlisation
inhibitor. Lam Erwin and N[ancollas
report no effect from hep)arin or

phosphonates at 10 ppm," but this
may be due to the very high surface
area of seed crystals used in ttheir
studies; this might simplly have
adsorbed all the poisoIn. Our
crystallisations were unseedecd.

or
o

POISONS

/
/x

Crystallisation inhibitors can act in a
number of ways to produce the same
end result of slowing the overall
crystallisation. They may bind the
solute and so reduce the available
concentration; this will have an effect
only if the pool of solute is not
replenished by equilibrium with an
outside soifce such 'as 'he blood and
requires quite high concentrations of
the binder. Cartilage proteoglycan has
been implicated in'urate nucleation by
sudden release -of bound urate'6 but

X_XLog poison comention (A.n /I

Fig. 4 Effect ofpoison on
crystallisation halftimes, 0 07 mol/l
NaHU, 37°C. (-0-) Neutra l red,
(-X-) Serum albumin.

°

Discussion
The study of urate crystallisation has
brought up many interesting questions
and highlighted gaps in our knowledge
of crystallisation from solution in
general. It should, however, be
possible to discuss crystallisation in
gout without first having to solve all
the problems of crystallisation in
general.
Solubility of sodium urate has been
measured by many groups with
generally good agreement. There is a
small but explicable discrepancy
between measurements made in saline
solutions and in serum.
Nucleation is not observed in
laboratory experiments at
concentrations of less than 1- 8 mmoJlI
(30 mg/100 ml). This suggests that
nucleation in vivo is probably a very
slow process. The work of Tak et al.
suggests that other particles in joint
fluid or cartilage may enhance the
nucleation rate.7 Urate crystals are
very brittle so that once they appear
they can multiply rapidly through
mechanical fracture.
The role of cartilage as the favoured
nucleation site is still unclear. Crystals
forming in joints are subjected to
mechanical fracture which will lead to
rapid development of a deposit. They
are protected from early phagocytosis
and removal. The high charge density
of cartilage may also favour the
deposition of ionic crystals by reducing
their effective surface energy.
Crystal growth rates at low
supersaturations are still uncertain but
all the evidence suggests that the times
taken for the growth of the crystals
usually seen in polarised light
microscopy are months or years rather
than hours. These rates are very
sensitive to the precise value of the
solubility, the instantaneous
concentrations, and the temperature.
The progress of nucleation and
crystallisation will thus both be very
much enhanced by short term
fluctuations to high uric acid
concentrations or low temperatures,
the extreme values are more important
than the averages. There are few joint
temperature measurements available;
Hollander et al. report normal knee
temperatures as being 33°C and ankle
temperatures as 29"C2° though this will
obviously vary with time. In the
absence of accessible data on
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peripheral joint temperatures,
measurements were made using a
thermocouple of the temperature
between two (strapped together) toes
over a period of three hours. The
temperature varied from 26 to 34°C
depending on the extent of exertion
compared to a mouth temperature of
37 5°C. Table 1 shows the effect of
such temperatures on the estimated
crystallisation rates.
The current therapeutic approach to
gout is to counter the inflammation
with colchicine and to permanently
reduce the serum urate concentrations
with allopurinol or uricosurics.
Growth poisons would be a possible
treatment but to maintain such a
constant concentration of methylene
blue, for instance, seems unpromising.
If a specific nucleating species is
identified treatment aimed at its
removal could be contemplated. The
slow growth rates and relatively rapid
dissolution rate does suggest that
periodic short term lowering of serum
urates might be as effective as a
constant treatment. If the
precipitation cycle does take years
while the dissolution can be achieved
in days then a few days of
normouricaemia or hypouricaemia a
year would suffice to eliminate small
deposits. This would be particularly
effective if it was started as
hyperuricaemia commenced rather
than waiting for gout to appear.
Accurate timing of such treatment
would depend on a somewhat

improved understanding of the
relationship between urate
concentration and precipitation in
vivo.

We would like to thank the MRC for the
support of RWF during this work.
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Gout
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The pathogenesis of gout is now well
recognised as depending on sustained
hyperuricaemia, leading in some cases
(but only some) to urate crystal
deposition and then again to the
inflammatory changes of acute gouty
arthritis.
Hyperuricaemia

Epidemiological studies have shown
serum urate concentrations to be
distributed on a normal curve, skewed
towards upper values, with those of
men lying above those of women. In a
recent study in the United Kingdom
mean concentrations were 330 AmoVl

(5 5 mg/ 100 ml) t SD 60 ,umoVl (1- 0
mg/100 ml) for men and 234,umol/1
(3- 9 mg/ 100 ml) ± SD 48 ,umoVl (0 8
mg/100 ml) for women.' Thus it is
possible to define hyperuricaemia in
statistical terms (2 standard deviations
above the mean), but this presents
conceptual difficulties in biological
terms, especially in view of the skewed
distribution. Hyperuricaemia may also
be defined in physicochemical terms,2
depending on the solubility of urate in
plasma at 37'C of about 420 ,umollI
(7 0 mg/100 ml), but here again there
are uncertainties about such influences
as protein binding of urate, and
certainly prolonged supersaturation
may exist without crystal precipitation.
For practical purposes, the upper

limits of normal may be taken as 420

,umoVl (7`0 mg/100 ml) for men and
360 ,umol/l (6-0 mg/100 ml) for
women.

Individual factors contributing to
hyperuricaemia consist of (a) those
associated with increased formation of
uric acid (Table 1), (b) those
associated with diminished excretion
of uric acid (Table 2), and (c) those in
which the exact nature of the
association remains uncertain (Table
3). These factors have been
extensively described3 and I will not
discuss them further. Most patients

Table 1 Some factors associated with
increased formation of uric acid
Proliferative haemopoietic disorders:
-for example, polycythaemia vera
Specific enzyme abnormalities:
Increased activity PRPP synthetase
Decreased activity HGPRT
(Lesch-Nyhan)
Decreased activity glucose6-phosphatase
Increased activity glutathione
reductase
Drugs:

2-ethylamino-1,3,4-thiadiazole
Methylene blue
Fructose

Diet

Table 2 Some factors associated with
diminished excretion of uric acid
Alterations in renal function and fluid
volume
Drugs:

Pyrazinamide
Diuretics
Lactic acidaemia:
Toxaemia of pregnancy
Exercise
Type 1 glycogen storage
diseases
Alcohol
Beryllium disease
Starvation and ketosis
Essential hypertension
Lead poisoning
Hypercalcaemia
Myxoedema

Table 3 Other factors related to
uric acid concentrations
Race
Sex

Body weight
Hyperlipidaemia
Intelligence and 'drive'
Mongolism
Psoriasis
Myocardial infarction
Surgery

with primary gout have a genetic
tendency to hyperuricaemia
(metabolic and renal) to which
environmental factors such as diet,
alcohol, and drugs may in some cases
exert a considerable additional
influence.
The management of hyperuricaemia
and gout is usually a relatively easy and
rewarding therapeutic exercise,4 the
acute attack responding to colchicine
or a wide range of non-steroidal
anti-inflammatory drugs, and
hyperuricaemia being controlled, if
necessary, by uricosuric drugs or the
xanthine oxidase inhibitor allopurinol.
Currie reported that in general
practice in the United Kingdom 45%
of patients were receiving continuous
treatment with allopurinol compared
with only 7% receiving uricosuric
drugs.5 The remaining 48% were
taking no regular drug treatment. In
this context the anti-inflammatory
agent azapropazone is of some
interest: it is effective in the treatment
of acute gout and is also a uricosuric
agent, though less powerful than

probenecid' (C. S. Higgins and J. T.
Scott, unpublished observations).
Tienilic acid emerged as another drug
of great potential value7; this drug
uniquely combines the properties of a
diuretic and uricosuric agent, but it has
been withdrawn from study in the
United States and Britain after reports
of hepatotoxicity.
The question as to whether

allopurinol, by controlling urate
concentrations, has any effect in
preventing deterioration in renal
function, is fully discussed in the
important and detailed studies of
Gibson and his colleagues' who
assessed renal function over a two year
period in two groups of patients, one
receiving colchicine and allopurinol,
the other receiving colchicine only. No
sequential change was observed in
those receiving allopurinol, whereas
patients receiving colchicine alone
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showed a statistically significant fall in
glomerular filtration rate and urine
concentrating ability. Inspection of the
figures, however, shows that at the
onset of the study these values were
higher in the colchicine group than in
the allopurinol group, concentrations
at one and two years closely
approximating in both groups, so the
question may still perhaps be regarded

Table 4 Mechanism ofcrystal
formation

as open.

8 Aging and avascularity

The problem of asymptomatic
hyperuricaemia is also one of
considerable current interest.
Asymptomatic hyperuricaemia has
been proposed as a risk factor in (a)
gouty arthritis, (b) renal damage, and
(c) ischaemic heart disease. There is
little doubt that hyperuricaemia must
predispose to the development of gout
but the figures from the Framingham
study,9 which indicated a 90% risk in
men with serum urate concentrations
of over 540 ,umoVl (9 0 mg/100 ml)
referred to very small numbers of
subjects: subsequent observations
have indicated that the risk is not so
great-for example, only three of 66
such subjects developing gout after
four years.'" In any case, gout can be
dealt with if and when it occurs. The
problem of renal damage is more
difficult, since hyperuricaemia may
sometimes lead to the deposition of
interstitial urate and renal uric acid
calculi. Here again, however, the risk
may not be as great as is sometimes
feared. The matter is an extremely
difficult one to investigate, but it is
very fully disussed by Fessel," whose
studies indicated that azotaemia
attributable to hyperuricaemia is
generally mild and probably of no
clinical importance, at least until

1 Supersaturation of serum or synovial
fluid with monosodium urate
2 Protein binding of urate
3 Turnover of proteoglycans
4 Temperature
5 Trauma and exercise
6 Altered hydrogen ion concentration
7 Resorption of extracellular fluid

mechanisms relating to urate crystal
formation. Some of these will perhaps
be discussed later in the symposium,
but the degree and duration of
hyperuricaemia must surely be the
most significant influences. This is well
illustrated by our experience of a
patient who developed the classical
neurological features of the
Lesch-Nyhan syndrome shortly after
birth; diagnosis was confirmed at the
age of 9 years by the demonstration of
virtually complete absence of
erythrocyte HGPRT.'4 Serum uric
acid concentration at that time and
subsequently was about 720 AmolI
(12-0 mg/100 ml) and urinary uric acid
was 10-8 mmol (1800 mg)/24 hours,
but for certain reasons the parents
decided that he should not receive
allopurinol. For 23 years his gross
hyperuricaemia remained untreated

serum urate concentrations are very

high, and that the risk of urolithiasis is
sufficiently low to justify awaiting the
occurrence of a stone before lowering
the

serum

are

conflicting findings relating to uric

urate concentration. There

acid as a risk factor in coronary heart
disease, but detailed studies" 13
indicate that hyperuricaemia is not an

independent risk factor after allowing
for variables of body weight, blood
pressure, and diuretic usage; there is
certainly no evidence that reducing the
serum uric acid per se decreases the
risk of coronary heart disease.
Urate crystal deposition

Table 4 lists

some

suggested

without the development of any joint
symptoms-or, incidentally, any
deterioration in renal function or
evidence of urolithiasis. Then,
suddenly, there was the explosive
onset of polyarticular gout with
deposition of numerous subcutaneous
tophi (Fig. 1), events which the parents
finally accepted as sufficient
indications for treatment with
allopurinol. Why had multifocal urate
deposition and inflammation taken
place so rapidly after such a long
asymptomatic period?
Acute gouty arthritis
Table 5 lists some of the events that
have been proposed for the
development of acute gouty arthritis.
The fact that urate crystals can lie
within joints without producing acute
inflammation was first brought rather
strikingly to my attention by the case
of a man with frequently recurrent
acute polyarticular gouty arthritis, in
whom arthroscopy showed abundant
deposits of urate in synovial
membrane and articular cartilage,
confirmed on biopsy. Control of serum
urate concentration by allopurinol
produced rapid and complete freedom
from symptoms, but appearance on
arthroscopy and biopsy six months
later was unchanged." Why the urate
crystals had ceased to cause
inflammation is a mystery, but the
studies of Malawista et al, who found
that the inflammatory response of cells
ingesting silica crystals was greater in a
medium containing a high
concentration of urate than in a
control system,'6 may have a bearing
on the problem. Certainly crystals
have been aspirated from the asymptomatic metatarsophalangeal joints of
patients with gout," " observations
with which my colleagues and I agree.
In the evolution of gout the
Table 5 Events in acute gout
1 Crystallisation (or release from tophi)
2 IgG coating
3 IgG coated crystals meet Fc receptors of

neutrophils

Fig. 1 Explosive onset of acute gout
with tophaceous deposits in a young
man with the Lesch-Nyhan syndrome
after 23 years of severe asymptomatic
hyperuricaemia.

4 Phagocytosis
5 Release of lysozomal enzymes and cell

lysis
6 Activation complement, Hageman
factor, kinins and oxygen-derived free
radicals
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occurrence of acute attacks normally
precedes the deposition of clinically
evident tophi, usually by a matter of
several years. The development of
tophi in the absence of acute gout is
rem-arkably rare. With my colleagues
Drs Hollingworth and Burry, I saw five
patients with such developments,"9
and it was of some interest to us that
four of these five patients had varying
degrees of renal functional
impairment, while the fifth had
coexistent rheumatoid arthritis.
The rarity of acute gouty arthritis in
association with chronic renal failure
has been commented on from time to
time; it has been thought that perhaps
duration of renal disease may have
been insufficient to allow crystal
deposition and acute gout.20 Our
patients with tophi but without acute
gout, however, allow speculation as to
a further possibility-namely, that

hyperuricaemia and crystal deposition
occur in patients with renal
impairment, but that the inflammatory
response is inhibited. Buchanan et al
showed that skin reactivity to
intradermal or subcutaneous injection
of urate crystals was depressed in
patients with uraemia.2' Similarly, the
rarity of association of gout and
rheumatoid arthritis has been
attributed to difference in age and sex
distribution and to diagnostic
difficulty, but again, it is possible that
orystal deposition is taking place in
rheumatoid patients with hyperuricaemia but that the inflammatory
response is inhibited by factors such as
alteration in protein coating,22 synovial hypocomplementaemia,22 or
diminished phagocytic function of
polymorphs in the synovial fluid of
patients with rheumatoid arthritis.24
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Pathology of articular deposition of calcium salts and
their relationship to osteoarthrosis
DRAGOSLAV R. MITROVIC
From the Department of Cartilage Biology, U-18 ofINSERM, Lariboisiere Hospital, Pari&

Since the reports of Zitnan and Sitaj in

1963,' articular chondrocalcinosis,
also known as calcium pyrophosphate
dihydrate (CPPD) crystal deposition
disease,' is now a well recognised
clinical entity. It is characterised by
intra-articular deposition of CPPD
crystals, which encrust hyaline and
fibrocartilages, synovium and
sometimes intra-articular ligaments.
The common finding of crystals in
synovial fluid provides a simple clinical
test for assessing the microcrystalline
nature of an acute pseudogout
attack,3 4the latter being a characteristic, though not most common, clinical
feature associated with chondrocalcinosis.2
Numerous radiological and clinical
reports have established three major
circumstances that may influence the
appearance of intra-articular
calcification or a pseudogout attack.
Occasionally, it is a familial
disorder' -1" with an autosomal
dominant mode of transmission
established in a few kindreds."9 More
often, it is a sporadic disease of adults
usually found in association with
hyperparathyroidism,'- 'S haemochromatosis,'6" ' Wilson's disease,'
ochronosis" " and other hormonal
and metabolic disorders.23 24 Of
interest, though of minor importance,
are those cases associated with hypophosphatasia3' and hypomagnesaemia." 2 Trauma has been
given as the explanation for meniscal
calcifications and more recently
chondrocalcinosis of the knee has been
linked to meniscectomy.28
An unusually high incidence of
chondrocalcinosis is found in the
elderly,29 34 in whom calcifications
often remain clinically silent,35 being
Correspondence to Doctor D Mitrovic,
U-18 INSERM, 6, rue Guy Patin, 75010

Paris.

discovered accidentally or after a
pseudogout attack, which may
complicate infections, and
cardiovascular diseases,36 major
surgical interventions-particularly
parathyroidectomy37-or simply
prolonged confinement in bed.
The frequent association of
chondrocalcinosis and osteoarthrosis
has aroused speculation about the
pathophysiology and causal
relationship of these two
conditions.29-34 383S Evidence suggests
that CPPD crystal deposition may
induce severe arthropathies that
resemble osteoarthrosis, particularly
in a few familial forms of
chondrocalcinosis' 7 where CPPD
crystal deposits affect younger
individuals and thus precede the
development of osteoarthrotic like
arthropathies by many years.
Osteoarthrosis of the wrist joint is
unusual except in chondrocalcinosis'
and is considered by some as the
distinct feature of disease. More
importantly, certain arthropathies of
the large joints follow much more
rapid and severe courses when
associated with CPPD crystal
deposits.43 43 Finally, the frequent
finding of CPPD crystals in the tissues
or synovial fluid of osteoarthrotic
joints suggest more than a causal
link between these two conditions.
In earlier papers'" 44 we described
the histological and histochemical
changes that have occurred in the
cartilage, menisci, and synovium of the
knee joints of two patients affected by
sporadic chondrocalcinosis, one of
them being associated with

haemochromatosis.'9 In

more recent
we have conducted post
mortem examination of more than 250

studies34

I

knees searching for articular cartilage,
degenerative changes and CPPD
crystals deposits. We report here our
main conclusions and try to summarise

the known data on the pathology of
CPPD crystals deposition.

Mineral deposits in articular
chondrocalcinosis
Intra-articular mineral deposits,
unlike all others found under various
physiological or pathological
conditions,47 are composed of
monoclinic and triclinic CPPD
crystals.45"49 Other forms of calcium
salts, such as hydrogen phosphate
dihydrate,46 hydroxyapatite,46 and
occasionally brushite,47 or even
sodium phosphate were found, but it is
still unclear whether such crystals are
contaminants from calcified cartilage
and bone or are formed during the
process of abnormal intra-articular
mineralisation. Recent studies have
pointed out the possibility of changes
in the crystal organisation and
structure during in vitro handling of
biological materials (S Wilhelm and
others, paper presented at 15th
International Congress of
Rheumatology, Paris, 1981).
Examined under polarised light, the
deposits show weak to strong positive
birefringence which disappear after
decalcification. Microincineration of
the non-decalcified sections followed
by dark field examination under
reflected light is useful for identifying
mineral deposits. Using this technique,
we have been able to demonstrate the
absence of iron in CPPD tissue
deposits in one case of
haemochromatosis.1'
With routine haematoxylin-eosin
procedure, deposits appear even on
decalcified sections as characteristic
intense blue spots. They show only
weak metachromasia with toluidine
blue44 and faintly stain with alcian
blue.' 44 Histochemical procedures for
calcium salts give irregular results and
usually reveal only small deposits or
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those located at the periphery of large
ones.

Seen under the scanning electron
microscope, CPPD crystals of various
sizes appear as triclinic parallelopiped,
rhomboid or rod-like structures.45
Under transmission electron
microscope, two different types of
crystals are reported.4 48-50 Most often
the crystals are identified as CPPD
monoclinic and triclinic rod-like
forms of various sizes.2 4 4 4 These
crystals are resistant to a variable
extent under electron beam, some
remain homogenous and opaque while
others acquire a foamy like
appearance (Fig. 1).4 40 " The second
type of crystals seen on electron
microscopy is a structure composed of
numerous small electron-dense
needles that resemble hydroxyapatite
(Fig. 2).5 In one of our cases these
were seen, as reported elsewhere,50 in
association with typical electron
opaque and foamy CPPD crystals.
In articular chondrocalcinosis
deposits are usually located within
fibrocartilages and hyaline cartilages
of knees, wrists, symphysis pubis, and
intervertebral discs, although virtually
any joint may be affected. Synovial
tissue and intra-articular ligaments are
affected less often.5" In a few instances
CPPD crystal deposits have been
reported in extra-articular structures

Fig. 1 Cartilagenous CPPD crystal
deposit observed on unstained section
with transmission electron microscope.
The rod-like crystals exhibit bubbled
appearance under electron beam. A
surrounding material is homogeneous
and weakly stained. H and E x 48000
(original magnification). Bar: 0 5 ,um.

infiltration of severely damaged
medial meniscus. Unfortunately, our
preliminary crystallographic analysis of
these deposits is too incomplete to
come to a definite conclusion about
the nature of these crystals.
Under a light microscope, meniscal
and chondral calcifications usually are
seen as numerous sharply delimited
multifocal deposits of various sizes
Fig. 2 Structure seen under the
cutting off the matrix beneath the
electron microscope in articular
articular surface (Fig. 4). In familial
cartilage that exhibited CPPD and
cases and in younger individuals,48 5"60
amyloid deposits. The 'crystal' is
the articular surface was reported to be
composed of tightly packed small
intact. Most cases of sporadic and
granules or needles which may resemble senile chondrocalcinosis, however,
hydroxyapatite. Surrounding material have damaged surfaces."8 44 50 5 The
is presumably amyloid. Unstained
location of the deposits varies from
section x 24000 (original
one case to another and from one site
magnification). Bar: 1 p,m.
in the joint to another. The deposits
are sometimes seen as relatively large
such as ligaments,52-54 tendons47 5 and plaques that may be easily detached,
dura.56 57 In most of these cases, the leaving behind an eroded but smooth
extra-articular deposits were surface. On histological sections of
associated with multiple articular articular cartilage they may lie under
normal and fibrillated surfaces
chondrocalcinosis.5255
depending on the area chosen for
sampling. Usually, fibrillated and
Meniscal and articular cartilage
vertically fissured cartilage is seen in
deposits
assocation with rather large deposits
CPPD crystal deposits in the knee and in elderly persons. In menisci of
joint have been studied thoroughly. In the knee joint, CPPD crystal deposits
are usually located in the
an earlier paper, McCarty et al.
described three radiological aspects of fibrocartilagenous internal portion
meniscal calcifications, presumably beneath the surface of both facets but
corresponding to different types of sometimes they are located more
crystals.46 Indeed, using similar deeply in the tissue. The affected
methods, we have observed in all but menisci usually look normal except for
the presence of CPPD crystal deposits,
two of 31 joints affected by
meniscocalcinosis the aspect shown in though in the case of severe
Fig. 3 which, according to McCarty et
al. should contain CPPD crystals. In
one case the calcification had an
appearance of ectopic ossification and
in the other, it was seen as diffuse

Fig. 3 Roentgenograms using high
contrastfilms ofmenisci ofknee joint of
73 year old woman. Mineral deposits
appear as irregular granules and
lamellae infiltrating 2/3 of the internal
portion of menisci (ref ).

Fig. 4 CPPD crystal deposits (in
black) are seen in femoral condylar
articular cartilage of 54 year old man
affected by haemochromatosis.
Deposits lying beneath a fibrillated
surface which shows a few vertical
clefts. Tissue below deposits has
normal appearance. Von Kossa's
staining x 50 (original magnification).
Bar: 250 pAm.
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osteoarthrosis they may be frayed and
deformed. In a few cases of severely
damaged articular cartilage and
menisci, we have seen CPPD crystal
deposits as diffuse infiltrations located
exclusively in the superficial fibrillated
portion of the tissue. These deposits,
unlike the multifocal ones described
above, exhibit intense metachromatic
staining. Seen under the transmission
electron microscope, the CPPD
crystals may lie in a matrix of normal
appearance,"S-2 58 59 61-63 or be closely
packed in some areas (Fig. 5),
radiating from the centre of the
clusters.48 S Certain authors have
observed CPPD crystals surrounded
by an electron dense granular
material50 and by cell debris.58 59 This
material, seen in two of the menisci,
was intensely stained by ruthenium

red.-"
CPPD crystals were occasionally
seen close to cell lacunae"8 S but never
within chondrocytes. Recently, we
observed a CPPD crystal within a
vacuole of a chondrocyte with a
necrotic appearance (Fig. 6). This was,
however, in necropsy material and was
an isolated finding. In one report
CPPD crystals were seen in the
calcified layer of articular cartilage
lying within a hydroxyapatite
impregnated matrix,63 but this was not Fig. 5 Electron micrograph of unstained section showing CPPD crystal deposit
confirmed elsewhere. In our in articular cartilage. Electron opaque rod-like crystals of various sizes are running
experience, the calcified basal layer in all directions inside an area surrounded by a rim ofcondensed matrix and almost
may be affected by invasion of large devoid of other visible material. However, in areas of lower crystal density an
crystal deposits from soft uncalcified homogenous hyaline matrix, presumably collagen, is present in between the
cartilage.
crystals. x 20400 (original magnification). Bar: I p,m.
Changes in articular cartilage and
menisci have been replrted by several
authors.44 " Usually, a loss of haemochromatosis.'8 It was found that are usually seen in the fibrous tissue as
metachromasia of the superficial layer the cells located between CPPD round or oval, sharply delimited
invaded by CPPD crystal deposits is crystal deposits were larger, had a calcifications, and as diffuse deposits
seen in association with cartilage higher content of acid proteins and infiltrating superficial synovioblastic
fibrillation.44 The chondrocytes may sulphydryl groups, and were and subintimal layers. Most often
proliferate and form clones that are surrounded by a rim of periodic acid these calcifications do not induce any
usually found along the cartilage clefts. Schiff + material. As these cells were cell changes. In one case they were
Slightly stained zones of matrix loaded with iron-containing material, found in the superficial subintimal
degeneration not related to CPPD it was not possible to ascribe these layer and were surrounded by
crystal deposits have also been changes to the presence of CPPD numerous histiocytic and
reported.44 48 62 In one of our sporadic crystals. Necrotic chondrocytes have multinucleated giant cells, which
cases, these stained differently from a frequently been found close to CPPD resembled small tophi. Fibrin and
discrete perivascular cell infiltrates
surrounding matrix, and exhibited no crystal deposits.4"50 58 59 62
were present. The synovium of 21
periodic acid Schiff colouration. Seen
under electron microsopy, abnormal Synovial deposits
knee joints affected by senile
areas of uncalcified matrix contained
meniscochondrocalcinosis compared
fragmented collagen fibres and matrix
Synovial deposits are not as histologically with that of joints of
of a higher electron density.59 62 The common or extensive as meniscal and normal subjects matched for age,
chondrocytes were studied chondral calcifications in revealed no significant difference in
histochemically in one case of sporadic chondrocalcinosis. When found (three the intensity of synovial
chondrocalcinosis associated with out of 22 joints in our experience) they inflammation.64
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Fig. 7 Synovium taken from an
osteoarthrotic knee joint. Several

osteocartilaginous fragments (arrow)
are seen per section. No calcifications
were

recorded in menisci and articular

cartilage. H and E x 300 (original
magnification). Bar: 50 ,um.
that contain crystals was found to be
satisfactory, but in vitro studies have
suggested that CPPD crystals may
induce a membranolytic effect though

to a much lesser extent than
monosodium urate crystals.75

CPPD crystals may absorb proteins
such as IgG and induce phagocytosis
through surface Fc receptor sites, or
they
may activate Hageman factor and
Fig. 6 Electron micrograph showing typical CPPD crystal (arrow) in vacuole of complement.76 The addition of CPPD
a rather active chondrocyte. Anothercrystal (arrow) is present in matrix next to the
crystals to the culture medium induces
chondrocyte's lacunae. Acetate uranyl-lead citrate staining. x 11200 (original
an appreciable increase in the
magnification). Bar: 2 p.m.
production and release of collagenase,
neutral proteases, and prostaglandins
by human rheumatoid and normal
In a few cases with intra-articular acid or a solution of edetic acid, so that rabbit
synovioblasts, though the effect
CPPD deposits, clusters of crystals they may easily be differentiated from is much
more pronounced in the
I
were seen under polarised light in the
monosodium urate crystals.3
presence of calcium hydroxyapatite
superficial synovioblastic layer.47 50
The origin of crystals in the synovial crystals.77 The phlogistic action of
Ultrastructural studies performed on fluid is not known. Most investigators CPPD crystals is treated in more detail
the synovium in the CPPD joints believe that these crystals derive from elsewhere in this issue.
usually revealed the presence of articular cartilage and menisci by
crystals in the interstitial space44 and in shedding of the deposits. They may, Relationship between CPPD
the vacuoles of macrophage-like however, be formed in synovial fluid by deposits and osteoarthrosis crystal
synovioblasts,49- 50 65- 67 but only the crystallisation of soluble CPP
occasionally in the endoplasmic salts.72
Clinical and radiological evidence
reticulum of secretory cells,50
When calcium hydroxyapatite suggests a relationship between CPPD
suggesting their possible local crystals are identified, they may, at crystal deposits and osteoarthrosis.
production.
least in part, derive from the calcified The possible undermining effect of
layer of articular cartilage and CPPD crystals deposits on the
Synovial fluid deposits
subchondral bone. In severe anatomical integrity of articular
destructive arthropathies, the cartilage and other joint tissues does
These crystals are often found on resorption
of
calcified not rule out the existence of more
simple microscopical examination of a osteocartilagenous fragments by the specific interactive processes that may
drop of unstained synovial fluid. This synovial cells (Fig. 7) is a common favour either CPPD crystal formation
has become a useful clinical test for finding.73
or cartilage degeneration.
establishing CPPD crystal deposition
Ultrastructural studies have shown
Chondrocalcinosis appears to be an
disease.3 4 CPPD and, on a few that CPPD crystals occur in the independeq,t clinical entity in the
occasions, hydroxyapatite6"71 crystals vacuoles of phagocytic cells together familial forms of disease where young
are most often found in the vacuoles of
with other engulfed material such as individuals are affected. In such cases
polymorphonuclear and mononuclear fibrin, immunoglobulins, and cell the occurrence of CPPD crystal
macrophage-like cells. They disappear debris.4 4 5 7 The membrane deposits in anatomically normal tissue
on addition of a few drops of acetic
preservation of phagocytic vacuoles is followed by the development of
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degenerative-like arthropathies which
appear in the later stages of disease,
probably as a result of both their
and
effect
undermining
crystal-induced inflammation."
The problem is more difficult to
analyse in sporadic and senile
chondrocalcinosis. Arthropathies are
common in certain metabolic disorders such as haemochromatosis, 19

ochronosis,2" 22 and Wilson's disease,'
which are also known to have high
incidence of intra-articular CPPD
crystal deposits. Whether such
arthropathies develop in the absence
of CPPD crystal deposits is not well
established. In senile forms of
chondrocalcinosis, the frequent
association with osteoarthrosis may be
accidental and due to the increased
incidence of both disorders in elderly
individuals.29-34
We examined more than 250 knee
joints of unselected cadavers obtained
from a pluridisciplinary hospital in
Paris.34 3 64 The joints were examined
with the naked eye before and after
staining their articular surfaces with
India ink. Articular and meniscal
calcifications and joint lesions were
recorded on specially designed
drawings. Then the menisci and
articular cartilage fragments from
femoral condyles were dissected and
subjected to radiological and
microscopical examination. Multiple
synovial fragments were taken from
100 joints of 50 cases.
CPPD crystal deposits were
identified by soft x-ray radiography of
the menisci and cartilage fragments as
described previously,34 s and on the
histological sections using routine
staining procedures and polarised
light. The incidence of CPPD crystal
deposits, their distribution within the
joint and in the tissues, and their
relationship to the age and sex of the
subjects and to osteoarthrosis, was
thus established. Osteoarthrosis was
diagnosed in cases of extensive and
severe cartilage fibrillation and/or
ulceration associated with peripheral
osteophytosis. CPPD crystal meniscal
and chondral deposits were found in
18-5% of all subjects: 21-5% of
women and 15-8% of men. In about
40% of these cases meniscocalcinosis
associated with
was
not
chondrocalcinosis. In all cases
chondral calcification affected the
menisci.

In two cases not included in our joints. Cartilage fibrillation of the
series, an abundant chalk-like powder tibial plateau was found in almost all
deposited on all tissue surfaces was joints but was not considered in this
observed in the joint but no study. In this group 19 out of 35 joints
calcification was detected on the x-ray affected by CPPD crystal deposits had
films of menisci and cartilage femorotibial osteoarthrosis (54 2%);
fragments. This material may have four had fibrillated cartilage surfaces,
been present on the surface and not and 12 (34 2%) were normal. In those
within the tissue and might therefore over 75 years of age who did not have
have been lost while processing the intra-articular CPPD deposits (75
tissue. Unfortunately, we were not joints), femorotibial osteoarthrosis
able to perform any identification was found in 15 (20%) and fibrillation
in 39 joints. The difference in
studies on this material.
The mean age of the subjects incidence of osteoarthrosis between
affected by CPPD crystal deposits was those joints with CPPD crystal
78 years for men and 82 years for deposits (54-2%) and those without
(from cases aged over 75) is highly
women. The incidence of deposits
increased with age: none was seen in significant (p<0-001, x2 test). The
those under 60; the incidence then incidence of osteoarthrosis was found
to be even higher (80%) in those joints
rose to 11-7% in those aged 60-69,
21-2% in those aged 70-79, 26-9% in where cartilage deposits were seen.
Not only were osteoarthrotic lesions
those aged 80-89 and 50% in those
aged over 90 years. In all those over more frequent in the joints affected by
80, the incidence was 32%. The mean CPPD crystal deposits but these joints
appeared to be much more severely
age of the subjects affected by
meniscal deposition without chondral damaged.
calcifications was slightly, but
insignificantly, lower. Lateral menisci Discussion
were more often affected.
Calcifications were seen more
No definite conclusion could be
frequently on condyles than in the drawn from the results obtained in the
femoropatellar joint, which was younger subjects, considering the
affected in about 20% of all cases.
small amount of positive findings.
Calcifications were usually found in Nevertheless, a high incidence of
fibrillated areas of articular cartilage: cartilage fibrillation occurred in the
apparently normal surrounding absence of visible CPPD crystal
cartilage was also affected but to a deposits, suggesting that the CPPD
much lesser extent. In addition, 20% crystal deposits are not the cause of
of the joints with meniscal and fibrillation at least in these cases.
Our findings are in agreement with
meniscochondral calcifications were
those of previous reports41- 43 and
normal.
We attempted to relate the presence clearly show that osteoarthrotic
of intra-articular CPPD crystal lesions are more common and more
deposits to the degree of knee joint severe in the joints affected by CPPD
damage.3 Out of 78 knees of the crystal deposits than in those that are
subjects below 75 years of age (this age not.
Cartilage fibrillation, which is
appeared to be critical in our series
with respect to CPPD crystal thought to be the initial lesion in
deposition), meniscal or menisco- osteoarthrosis, may occur, at least in
chondral calcifications or both were its first stages of development, in the
found in three, femorotibial arthrosis absence of CPPD crystal deposits.
However, CPPD deposits in
in seven, and cartilage fibrilation (not
characterised as osteoarthrosis) in 35 articular cartilage seem to affect the
joints. Two out of three joints affected fibrillated areas more frequently and
by CPPD deposits were more heavily, and in a few instances
osteoarthrotic, and one showed are found exclusively in the superficial
fibrillation of femoral condyles. In fibrillated layer of the tissue. This
those subjects over 75 years of age would suggest that local factors are
(110 knees), CPPD crystal deposits important in determining the tissue
localisation of CPPD crystal deposits,
were identified in 35, femorotibial
osteoarthritis in 34, and fibrillation of and that fibrillated cartilage somehow
condylar articular cartilage in 39 predisposes to disease. The finding of

Ann Rheum Dis: first published as 10.1136/ard.42.Suppl_1.1-a on 1 January 1983. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by
copyright.

Pathology ofarticular deposition of calcium salts Suppl p 23

higher concentrations of inorganic 3 McCarty D J, Kohn N N, Faires J S. The
significance of calcium phosphate
pyrophosphate in the synovial fluid of
crystals in the synovial fluid of arthritis
osteoarthrotic patients78 and in vitro
patients: the 'pseudogout syndrome'. I.
production by incubates of
Clinical aspects. Ann Intern Med; 1962;
osteoarthrotic articular cartilage,'
56: 711-37.
would further support this view.
4 Solnica J, Mitrovic D. Kahn M F.
However, as shown in this and
L'intfret de la mise en evidence des
previous studies, CPPD crystal
formations cristalines dans le liquide
synovial: la differenciation
deposits may also occur in
morphologique et ultrastructurale des
anatomically normal joints.47-50 58-61
cristaux. Sem Hop Paris 1967; 43:
63 64 This is all the more significant as
cartilage fibrillation is a particularly 5 2573-80.
Louyot P, Peterschmitt J, Berthelme P.
common phenomenon in patients
Chondrocalcinose articulaire diffuse
over 75. However, it is unclear
familiale. Rev Rhum Mal Osteoartic
whether the affected tissue is normal
1964; 31: 659-63.
or not. Zones of abnormal cartilage
6 Van der Korst J K, Geerards J,
Driessens F C M. A hereditary type of
matrix coexist with calcified areas and
idiopathic articular chondrocalcinosis.
may thus represent the initial lesion in
Survey of a pedigree. Am J Med 1974;
chondrocalcinosis.44 58 62 Recent in
307-14.
vitro studies of CPPD crystal 7 56:
Reginato A J, Hollander J L, Martinez
deposition from solution in artificial
V, et al. Familial chondrocalcinosis in
and cartilage matrices861 "3 are
the Chiloe Islands, Chile. Ann Rheum
promising for study into the nature of
Dis 1975; 34: 260-8.
those local factors which may trigger 8 Bjelle A, Edvinson U, Hagstram A.
Pyrophosphate arthropathy in two
crystal nucleation and growth.
Swedishfamilies.ArthritisRheum 1982;
In conclusion, most current
25: 66-74.
evidence suggests that cartilage
A, Faure G, Netter P, Pourel J,
fibrillation and CPPD crystal 9 etGaucher
al. Hereditary diffuse articular
deposition are independent processes.
chondrocalcinosis. Dominant
Mineral deposition may, however,
manifestation without close linkage with
cause or accelerate cartilage damage
the HLA system in a large pedigree.
by secondarily altering chondrocyte
Scand J Rheumatol 1977; 6: 217-21.
metabolism or simply by decreasing 10 Rodriguez-Valverde V, Tinture T,
Zuniga M, Pena J, Gonzales A. Familial
tissue strength and elasticity. On the
chondrocalcinosis. Arthritis Rheum
other hand, particular disorders in
23: 471-8.
tissue metabolism and structure, not 1 1 1980;
Moskowitz R W, Katz D.
expressed in all cases of osteoarthrotic
and
Chondrocalcinosis
lesion, may constitute a basic
chondrocalcinosynovitis (Pseudogout
abnormality which would account for
syndrome). Analysis of twenty-four
CPPD crystal deposition. More
cases. Am J Med 1967; 43: 322-34.
biochemical and metabolic studies on 12 Bywaters E G L, Dixon A St, Scott J T.
Joint lesions of hyperparathyroidism.
selected cases are needed to elucidate
Ann Rheum Dis 1963; 22: 171-87.
these and other unexplained points.
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Introduction

General considerations

Calcium pyrophosphate dihydrate
(CPPD) is one of several types of
crystal that may be deposited in the
body. The term chondrocalcinosis is
used to describe the radiographic
appearance of calcified deposits,
notably in the articular cartilage and
menisci of the knees but also in other
joints.' Not all calcified deposits within
joints are due to calcium
pyrophosphate; however, occasional
deposition of apatite,2 calcium
dihydrogen phosphate,' and oxalate
also occurs.
McCarty was the first to identify
CPPD crystals in synovial fluids taken
from patients thought to have gouty
arthritis,"5 He found the crystals to be
the calcium pyrophosphate dihydrate
salt in its triclinic form. Shedding
crystals into the synovial space
produces acute or chronic attacks of

Table 1 summarises the factors to be
considered in relation to the
deposition of CPPD crystals and the
association of chondrocalcinosis with
endocrine and metabolic diseases. The
reasons for these clinical associations
are not always clear but they indicate
that a variety of metabolic disturbances
may lead to deposition of
pyrophosphate crystals.
CPPD deposition is also more
common in the presence of other joint
disease, including osteoarthropathy,5
neuropathic (Charcot) joint disease,7
and gout.5 In such cases the destructive
changes that occur may induce
alterations of pyrophosphate
metabolism within the joint leading to
increased crystal formation.
The increased incidence of CPPD
deposition with aging may also be
related to the changes that occur in
cartilage with age.
A familial form of chondrocalcinosis
was described by Zitnan and Sit'aj in
1958," although at that time it was
not known that CPPD was the calcium
salt responsible. Subsequently other
familial forms have been
described.'0"'- The existence of these
inherited forms allow a comparison
with classic gout where specific
enzyme defects have occasionally been
identified--for example, in the
Lesch-Nyhan syndrome.'3 The
underlying metabolic defect in the
familial forms of chondrocalcinosis is
still not determined but may entail
enzyme abnormalities.
Hypophosphatasia is an inherited
disorder
associated
with

pseudogout.6
Certain considerations apply to all
forms of crystal deposition, in
particular the factors determining

whether or not crystallisation occurs.
This largely concerns the activity
products of the ions involved, although
the presence of nucleating agents or
inhibitory agents, or both, must be
considered. Solubilisation processes
may also be important.
The purpose of this presentation is
twofold: (a) to review current
knowledge of the metabolism of
inorganic pyrophrosphate and (b) to
describe some of the mechanisms that
may be involved in the production of
CPDD crystals, both in vitro and in
vivo.

pseudogout." '" Here there is an
enzyme defect, a deficiency of alkaline
phosphatase with resultant rise of
inorganic pyrophosphate (PP,) in body
fluids. Hypophosphatasia is the best
example of how an abnormality in
pyrophosphate metabolism may
contribute to the production of
chondrocalcinosis, but raises the
intriguing question of why CPPD
crystals appear in the typical sites in
cartilage, even though PP,
concentrations are raised
systemically.
It is apparent that chondrocalcinosis
must be considered a multifactoral
problem in which several metabolic
and physiochemical factors probably
interact to produce CPPD crystals.
Before considering the mechanisms of
crystallisation involved in production
of CPPD crystals, we will first review
current knowledge of pyrophosphate
metabolism.
Intracellular metabolism of inorganic
pyrophosphate
GENERAL CONDITIONS

Inorganic pyrophosphate (PP,) is
produced at one or more steps in a
wide variety of biochemical pathways
that lead to the synthesis of most of the
major cell constituents. Hence
generation of PPi occurs during the
biosynthesis of proteins, lipids,
phospholipids, nucleotides, and
nucleic acids, urea, steroids, structural
polysaccharides, and glycogen.
Breakdown of pyrophosphate is
brought about by a hydrolysis reaction
inorganic
catalysed
by
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Table 1 Conditions associated with deposition of crystals of cakium pyrophosphate dihydrate (CPPD) in joints (chondrocalcinosis). Note the large number ofpossible underlying
mechanisms.
Possible mechanisms involved
Inherited forms:
Possible abnormality in inorganic pyrophosphate
Described from
Czechoslovakia, Chile, Netherlands, (PP,) metabolism-for example, overproduction of PP, or decreased degradation of
Sweden, France, USA
PP1 (possible changes in pyrophosphatases).
Reduced inhibitors of crystallisation.
General associations:
Disturbed PP1 metabolism.
Aging
Physical damage to chondrocytes.
Release of nucleating agents or decreased
inhibitory activity (perhaps via action of released
proteases to destroy inhibitors). Increased
cartilage permeation by Ca"+ and PP1.
Other joint disease:
Epitaxy on apatite crystals.
Osteoarthritis
Neuropathic joint disease
pH may be lowered during inflammation which
promotes crystal transformations to more
(Charcot joints)
insoluble forms.
Destructive arthropathy
Ochronosis
Rheumatoid arthritis
Epitaxy on urate crystals
Urate gout
Metabolic disorders:
Raised extracellular Ca, and/or raised PP1 due to
Hyperparathyroidism
increased adenylate cyclase activity.
Metabolic changes in cartilage
Hypothyroidism
Raised PP1 due to alkaline phosphatase deficiency
Hypophosphatasia
Fe as nucleating agent or
Haemochromatosis
pyrophosphatase inhibitor
Secondary hyperparathyroidism
Long-term steroid therapy
Possible associations:
Hypertension
Renal insufficiency
High PP, in chronic renal failure; acidosis promotes
crystal transformation to insoluble forms
Metabolic alterations in cartilage
Acromegaly
Age related
Paget's disease
Diabetes mellitus
Wilson's disease
Copper as crystal nucleating agent or
pyrophosphatase inhibitor

pyrophosphatases, in which 2 mol of
orthophosphate (Pi) are produced per
mol of PP1 cleaved. Such enzymes
include glucose- 6-phosphatase and
alkaline phosphatase, as well as more
specific inorganic pyrophosphatases.
The metabolic importance of PP1
has yet to be defined. The assumption
that intracellular concentrations of PP1
are very low led Kornberg and others'6
1 to point out that the removal of PP,
provides a means of driving
pyrophosphorylase reactions in the
direction of synthesis, essentially
rendering them irreversible. However,
observations of detectable amounts of
PPi in rat liver, for example,'8 '9
question this assumption, and,
moreover, question whether the

hydrolysis reaction for PP1 is at
equilibrium in vivo. An alternative
possibility may be that inorganic
pyrophosphatase is a nonequilibrium
enzyme and that its activity is the
limiting factor in the removal of PP1.
Additional determinants of the
intracellular steady state
concentration of PP1 may be the
intracellular concentration of Pi, both
as a result of the effect of Pi on the
equilibrium reaction, and because it is
a competitive inhibitor of
pyrophosphatases. If the
pyrophosphatase reaction is not in
equilibrium, the concentration of PPi
will be determined by the balance
between the rate of formation and
breakdown of PPi. In this case, the

concentration of intracellular PPi
would be under metabolic control and
could respond to changes in the rates
of either its synthesis or degradation.
Furthermore, if the intracellular
concentration of PP1 does change in
response to different metabolic
conditions, it becomes possible for this
ion itself to be involved in the
regulation of metabolism.
IS THE PPi HYDROLYSIS
REACTION IN EQUILIBRIUM?

Attempts to determine the
equilibrium constant and free energy
change for hydrolysis of PP, under
stimulated physiological conditions
have produced variable results.20 22
However, the reported tissue
concentrations of PPi appear to exceed
those calculated from values found for
the equilibrium constant,'8 19 23
supporting the view that the hydrolysis
reaction is not in equilibrium. Using
freeze-clamped rat tissues we have
recently demonstrated that the total
PP, content of skeletal muscle (50
nmol/g) is substantially higher than
that found in liver, kidney, heart, and
lung tissues (20 nmol/g) (unpublished
observations). Similarly, with isolated
human cells, it has been observed that
fibroblasts and synovial cells contain
less PP1 than chondrocytes and bone
cells. Furthermore, the higher PP1
content of chondrocytes relative to
fibroblasts appears to be correlated
with differences in the rate of
proteoglycan synthesis in these two
cell types.24.26
Several studies have shown that
both the total PP1 content and the
calculated cytoplasmic free PP1
content of freeze-clamped rat liver
may change quite considerably after
various short term or long term
metabolic manipulations-for
example, after administration of
acetate or butyrate or after 48 hours'
starvation."9 21 23 Such studies have
led to the suggestion that hepatic
glucose uptake and phosphorylation
are regulated predominantly by
changes in the concentration of free
PPi in cytoplasm,2' thereby indicating
a role for PP1 in metabolic regulation.
An increase in the intracellular
concentration of PP1 in response to the
stimulation of a biosynthetic pathway
producing PP1 has also been observed
in isolated human articular
chondrocytes after enhancement of
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glycosaminoglycan synthesis by
treatment with xylosides.2"
Raised intracellular concentrations
of PPi have also been reported in
isolated fibroblasts and lymphoblasts
derived from patients of a French
family with an hereditary form of
chondrocalcinosis.12 27 This
observation raises the question of
whether some of the hereditary forms
of chondrocalcinosis are associated
with overproduction of PP, in cells,
due to an abnormality in one of the
biosynthetic pathways generating PP,.
Reports of abnormal cartilage matrix
production in patients from two
Swedish families with a hereditary
form of this disease might support this
view.'2 28

Hence evidence appears to indicate
that the intracellular concentration of
PP, does vary with such factors as cell
type, metabolic conditions, and the
presence of disease states, supporting
the hypothesis that the hydrolysis
reaction is not in equilibrium and that
the concentration of this ion is under
metabolic control.
CONTROL OF THE
INTRACELLULAR
CONCENTRATION OF PPi

Factors involved in the control of the
intracellular PP, concentration have
yet to be defined. As discussed above,
PPi production will be controlled by
those factors which regulate

biosynthetic pathways containing PPi
generating steps and it will be
necessary to delineate the relative
contribution of the different pathways
to the overall rate of PP, production in
the cell. PP, breakdown will be
controlled by those factors which
regulate inorganic pyrophosphate

activity.
TISSUE DISTRIBUTION AND
PROPERTIES OF INORGANIC
PYROPHOSPHATASE

A recent study of inorganic
pyrophosphatase activity in the rat
showed that the total activity varies
quite considerably between tissues and
that the total hepatic activity changes
during development.2' These results
imply that the total tissue activity of
this enzyme is regulated, but it should
be noted that the activities measured
in this study under optimal conditions
in vitro do not necessarily reflect the
real activities in vivo.

Inorganic pyrophosphatase appears
to be principally located in the
cytosol.a 32 Smaller amounts of the
activity occur in mitochondria.33
Inorganic pyrophosphatase activity
has also been demonstrated in
endoplasmic reticulum in some tissues,
but this may be due to the presence of a
glucose-6-phosphatase,4 35 which also
possesses pyrophosphatase activity.
Studies of pyrophosphatase in the
cytosol from various tissues (red blood
cells, polymorphonuclear leukocytes,
cartilage, dental pulp, etc.) have
suggested that this enzyme is specific
for PPi31 32 ...39 has a pH optimum of
7-8, requires Mg++ for activity, is
strongly inhibited by other divalent
metal cations even in the presence of
Mg++-for example, Ca++, Fe", and
Cu'' and is also inhibited by fluoride
ions. Several known inhibitors of
alkaline phosphatase-for example,
Pi, imidazole, and CN- have little
inhibitory effect on this enzyme and
this, together with its specificity,
suggest that this inorganic
pyrophosphatase activity is a function
of a discrete enzyme and is not simply
a function of alkaline phosphatase.
Reports of the Km for PP1 of a

cytosolic inorganic pyrophosphatase
are in the range 11-40 mmol, which
may imply that the enzyme is not
saturated with substrate under
physiological conditions.
Mitochondrial inorganic
pyrophosphatase activity occurs in two
forms, one of which is membrane
bound. Both forms resemble the
cytosolic activity in that they are
specific for PPi, require Mg++ for
activity, have pH optimum of 7-8 and
are inhibited by divalent cations-for
example, Ca++-and by fluoride.33 4 4
The effects of Mg++ and Ca++ may be
of particular relevance and we are at
present examining the influence of the
availability of these cations on the
intracellular concentration of PP, in
human articular chondrocytes and
bone cells.
Extracellular metabolism of inorganic
pyrophosphate
GENERAL CONSIDERATIONS

Although PPi occurs extracellularly in
body fluids-for example, serum,
plasma, urine, saliva, and synovial
fluid, and large quantities also occur
adsorbed to bone mineral, there is

little information about the movement
of PPi across cell membranes or about
which organs make appreciable
contributions to the PP, content of
extracellular fluid. There is evidence
that this PP, is of endogenous origin;
thus it is not derived direct from the
diet, as dietary PP1 and
polyphosphates appear to be
completely hydrolysed to Pi within the
intestinal lumen, probably by the
action of alkaline phosphatase, which
is present in the brush border
membranes of enterocytes.42
Studies of PP, turnover have been
restricted to the examination of
extracellular PP,. Studies using
32P-labelled PPi indicate that plasma
PP, turns over extremely rapidly in
dogs and in man.4"
In dogs the
hydrolysis to Pi accounts for at least
25% of the loss of PP1 from the plasma
compartment whereas urinary
excretion accounts for only 10%.43
Hence hydrolysis to Pi would appear to
be a major mechanism for the removal
of PP, from the plasma compartment.
32P-labelled PP1 added to whole blood
in vitro, however, is only relatively
slowly hydrolysed, implying that the
major hydrolytic enzymes are not
circulating but are located on or within
cells.43
ORIGIN OF EXTRACELLULAR
IN ARTICULAR CARTILAGE

PPi

If CPPD crystals are first formed
outside cells rather than inside, then
the origin of extracellular PP, and
mechanisms controlling the local
concentrations of this ion become
important. (Fig. 1)
The PP, present in the extracellular
space of articular cartilage could either
arise from the intracellular compartment or it could be synthesised
extracellularly or released from subchondral bone. Release of PP, from
the intracellular compartment could
occur by a variety of mechanisms--for
example, by a specific membrane carrier for PP,, in conjunction with the
secretion of matrix components or following cell damage or death.
THE RELEASE OF PP1 FROM
ARTICULAR CARTILAGE

Generation of PPi in vitro by cartilage
fragments was first reported by
Howell's group,45 who stated that PPi
was released from growth plate
cartilage and from articular cartilage
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Fig. 1 Pyrophosphate metabolism: a schematic representation of possible
sources of both intracellular and extracellular PPi. PPi introduced in the
intracellular compartment may be either co-secreted with products of intracellular
biosynthetic reactions-for example, proteoglycans-or may leak to the
extracellular compartment when cells are damaged, as happens in degenerative
joint disease. Extracellular PP, may arise from the activity of the ectoenzyme,
nucleoside triphosphate pyrophosphohydrolase, acting presumably on nucleoside
triphosphates 'leaked' to the extracellular compartment.
derived from young rabbits and from
patients with osteoarthritis but not
from rabbit ear cartilage or from
articular cartilage derived from
mature rabbits or 'normal' humans.
However, in a recent study, McCarty's
group,4" using a highly sensitive assay
and correcting for PP1 hydrolysis
during the incubation by.the use of
32P-labelled PPi, have observed release

of PPi from fragments of articular
cartilage and fibrocartilage derived
from both young and adult rabbits and
from fragments of 'normal' human
articular cartilage. Extrusion of PP,
may therefore be a feature common to
all types and.age of cartilage.
It has been reported that, if washed
monolayers of human articular
chondrocytes are incubated in

phosphate-buffered saline or medium
without serum, no detectable release
of PP, from these cells occurs.
Furthermore, when the concentration
of PPi in the medium is raised to
around 100 ,.tmol/l rapid hydrolysis of
PP; occurs.24 47 However, using a more
sensitive assay, we have recently been
able to demonstrate the release of
small amounts of PP, from washed
monolayers of human articular
chondrocytes incubated in medium
without serum. Additionally, we have
observed that under our conditions, in
which the extracellular PP,
concentration is generally less than 1
,tmol/l PP1 hydrolysis determined with
32P-labelled PPi in the medium is very
slow (A. M. Caswell and others, p. 99).
This difference between our results
and those of others47 may imply the
presence of an extracellular inorganic
pyrophosphatase activity with a
relatively high Km for PP,.
These various results suggest that
chondrocytes possess the ability to
release limited amounts of PP,. In this
context, it may be relevant that it has
not been possible to show the passage
of PPi across the membrane of the red
cell.46 It is also of interest that, in the
study of McCarty's group described
above, release of PPi from rabbit
cartilage fragments, but not from
human cartilage fragments, was
positively correlated with release of
uronic acid.46 However, this does not
necessarily establish that PP, and
uronic acid are released from the cell
together since, as suggested earlier,
changes in the rates of synthesis of
matrix components could result in
parallel changes in intracellular PP,.
Such changes could in turn influence
the rate of release of PPi from the cell
by any putative carrier mechanisms
specific for PPi. Release of PP, into the
extracellular space of cartilage after
damage or death of chondrocytes may
occur and could explain why.patients
who have had meniscectomies have a
higher incidence of chondrocalcinosis
in the operated knee than in the
unoperated knee.49 The extent to
which this release mechanism occurs in
undamaged cartilage or in other
'normal' tissues is not known.
PRODUCTION OF PPi
EXTRACELLULARLY

Another possible origin of
extracellular PP, is that it is generated
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outside the cell by membrane bound
enzymes. One such enzyme is adenylate
cyclase which catalyses the reaction:
ATP---3' ,5'-cyclic AMP + PP,.
This enzyme is located in cell
membranes and is activated in
response to hormone and other
agents-for example, certain drugs.50
The cyclic AMP formed is released
into the intracellular compartment but
the fate of PP, formed is unknown and
it is not known whether any is released
into the extracellular fluid.
Another enzyme of considerable
interest is nucleoside triphosphate
pyrophosphohydrolase, which
catalyses the reaction:
NTP--NMP+ PP,, where NTP denotes nucleoside triphosphate and
NMP nucleoside monophosphate.
In rat liver the enzyme is located in
the plasma membrane, is calcium
dependent and hydrolyses both
pyrimidine and purine nucleoside
triphosphates with Kms in the Molar
range.5"-53 The enzyme has been
proposed to function either in calcium
transport52 or together with
5'-nucleotidase in the salvage of
nucleoside triphosphates that leak
from the cell.53 In rats this enzyme has
been shown to exhibit a wide tissue
distribution and the activity appears to
vary quite considerably with tissue
type, the highest activities being
observed in liver, small intestine, and
kidney and much lower activities being
observed in brain, thymus, and
blood.52
The presence of a nucleoside

triphosphate pyrophosphohydrolase
activity in human articular cartilage
has been inferred from a recent study
of Howell's group, who demonstrated
the generation of PP, after adding 1
mmol/l ATP to cartilage
homogenates.54 However, the use of
homogenates precludes any statement
about the location of this enzyme
activity or the number of possible
activities involved.
We have been able to demonstrate
the generation of substantial amounts
of PPi extracellularly after adding ATP
(concentration range 6-25-400 Amol/1)
to washed human articular
chondrocyte monolayers incubated in
medium without serum (A. M. Caswell
and others, p. 00). The effect can also
be observed with other nucleoside
triphosphates-for example,

guanosine triphosphate, cytidine
triphosphate, and uridine
triphosphate. These preliminary
observations suggest that presence of a
highly active nucleoside triphosphate
pyrophosphohydrolase on the outside
of the plasma membrane of human
articular chondrocytes with an
apparently low Km for nucleoside
triphosphates. The function of this
activity in chondrocytes is unclear but
could be similar to that suggested
earlier for nucleoside triphosphate
pyrophosphohydrolase activities in
other tissues-for example, a role in
calcium transport.
It is therefore interesting that the
total concentration of nucleotides in
the extracellular fluid of chicken
epiphyseal cartilage has been reported
to range from 200 ,u mol/l in the
proliferating zone to 740 molIl in the
hypertrophic zone.55 Thus there is a
potential mechanism for the
extracellular generation of PPi, at least
in growth cartilage, since appreciable
amounts of PP, could be generated if
nucleoside triphosphates comprised
even a small fraction of the observed
total nucleotide concentration.
It is also interesting to note that in
the recent study by Howell's group
described above,54 nucleoside
triphosphate pyrophosphohydrolase
activity was greater in articular
cartilage homogenates derived from
patients with chondrocalcinosis than in
those derived from patients with
osteoarthritis. One sample derived
from a 'normal' patient contained
virtually no activity. This apparent
increase in the activity in a situation in
which increased amounts of PP1 occur
extracellularly supports the view that
this enzyme is important in the
generation of PP, extracellularly in
articular cartilage. Furthermore, there
may be a role for this activity in the
pathogenesis of chondrocalcinosis
after cartilage damage, since the
leakage of metabolites from disrupted
cells could result in the release of
nucleoside triphosphates, which could
then serve as substrates for the
generation of PP,.
RELEASE OF PPi FROM
SUBCHONDRAL BONE

Local release of PP, from subchondral
bone has been suggested as a further
possible source of extracellular PP, in
articular cartilage. Some polarity

would be necessary so that PP, could
reach subchondral bone through the
blood supply on the metaphyseal side
and then subsequently be released
down a concentration gradient
towards the articular surface. This
could account for the observation that
calcium pyrophosphate dihydrate
deposits in the mid zone of articular
cartilage, since this would be the point
at which PP1 from the subchondral
bone and calcium from the joint space
would come together.56
ALKALINE PHOSPHATASE AND
REMOVAL OF PPi FROM THE
EXTRACELLULAR SPACE

As in the case of intracellular PP,
metabolism, the major mechanism for
removing PPi from the extracellular
compartment is enzymatic hydrolysis.
The addition of inorganic
pyrophosphatase, to extracellular
fluids--for example, plasma-results in
a pronounced reduction in the PP1
concentration and therefore the
reaction:
PP 2Pi
cannot be in equilibrium and the
breakdown of extracellular PP, must
be limited by the activity of hydrolytic
enzymes.
The physiological importance of
alkaline phosphatase activity in the
extracellular hydrolysis of PP; has
been demonstrated mainly by studies
of patients with hypophosphatasia in
whom a deficiency in alkaline
phosphatase activity occurs."4 There
is a fourfold increase in the plasma PP1
concentration with a corresponding
reduction in the rate constant of
hydrolysis in the removal of PP, from
the extracellular compartment.5 4 5
Such observations establish that
alkaline phosphatase does function as
a pyrophosphatase in vivo and that is
an ectoenzyme capable of hydrolysing
substrates present in the extracellular
compartment. It can be calculated that
-alkaline phosphatase may be
responsible for the removal of as much
as 80% of the PPi delivered to the
extracellular compartment in normal
individuals.
PROPERTIES OF THE PPj
HYDROLYTIC ACTIVITY OF
ALKALINE PHOSPHATA-SE

The properties of the hydrolytic
activity of alkaline phosphatase
towards PP1 has been studied in a

Ann Rheum Dis: first published as 10.1136/ard.42.Suppl_1.1-a on 1 January 1983. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by
copyright.

Pathogenesis of chondrocalcinosis and pseudogout Suppl p 31

variety of tissues-for example, liver,
kidney, and small intestine,56
bone6' 62 and epiphyseal cartilage and
matrix vesicles.63-' This enzyme exhibits
remarkably similar properties in a
wide variety of tissues. The pH
optimum of the PP, hydrolytic activity
decreases with decreasing PP1
concentration, so that at physiological
concentrations of PPi approaches pH
7- 0. Magnesium ions affect the activity
in a complex manner and this effect
appears to be influenced by the
availability of substrate with an
optimal activity occurring at a
Mg+/ PPi concentration ratio of 1: 1.
This led to the suggestion thalt the true
substrate for the enzyme is MgP2O72and that this cannot form if PP1 is
present in excess over Mg++, whereas if
Mg++ is present in excess, MgP2O7
forms, which is inhibitory. In the
presence of Mg++, Ca++ is only slightly
inhibitory but the activity is subject to
inhibition by substrate and product
(Pi). The Km of alkaline phosphatase
for PPi inhibition has been reported to
range from 40-85 molIl but some of
these differences may be accounted for
by the use of different concentration
ratios of Mg'+ to PP1.
In a recent study, Howell's group54
have extracted and examined the
properties of alkaline phosphatase
derived from adult human articular
cartilage. Virtually no activity could be
obtained from 'normal' samples but
appreciable amounts of the activity
were obtained from patients with
chondrocalcinosis and even higher
activities were obtained from patients
with osteoarthritis.
In articular cartilage derived from
patients with osteoarthritis or
chondrocalcinosis, there appear to be
two forms of alkaline phosphatase,
both of which possess hydrolytic
-activity towards PP, but whereas one
form of the enzyme resembles the
activity found in other tissues, the
other appears to be activated rather
than inhibited when Mg` is in excess
over PPi. It is not known, however,
whether both forms of the enzyme are
found in normal adult human articular
cartilage.
Taken together, these studies of the
hydrolytic activity of alkaline
phosphatase towards PP, demonstrate
that this activity can vary in response
to a variety of physiological
agents-for example, Mg++, Ca,- and

Pi, and further studies are needed to
determine whether such agents
regulate the breakdown of
extracellular PP, in vivo.
IS A DEFECT IN CLEARANCE OF

PPi FROM ARTICULAR
CARTILAGE INVOLVED
IN THE PATHOGENESIS OF
CHON DROCALCINOSIS?

There is little direct evidence for a
defect in PP, clearance from articular
cartilage in patients with idiopathic
chondrocalcinosis. There have been
reports that inorganic pyrophosphatase
activity due to both alkaline
phosphatase and glucose-6phosphatase is reduced in joint
fluids from patients with
chondrocalcinosis.66... In other
studies, however, no change was
observed either in the hydrolytic
activity of alkaline phosphatase
towards PP, or in an inorganic
pyrophosphatase activity, with an acid
pH optimum, in joint fluids from these
patients.70 Moreover, as noted earlier,
Howell's group observed an increase
rather than decrease in the PPi
hydrolytic activity of alkaline
phosphatase in articular cartilage
derived from patients with
chondrocalcinosis.54
However, some of the disease
associations observed suggest that
there is a defect in PP, clearance
from articular cartilage at least in some
cases of chondrocalcinosis-for
example, in hypophosphatasia.7'
Similarly, the associations between
chondrocalcinosis and hyperpara-

thyroidism,7274 haemochromatosis7'
and hypomagnesaemia73
could
reflect the influence of Ca++, Fe++,
and Mg++ respectively on the pyrophosphatase activity of alkaline phosphatase.
CLINICAL CONDITIONS IN WHICH
DISORDERS OF EXTRACELLULAR
PP1 METABOLISM OCCUR

Measurements of PP, in serum,
plasma, or urine in a variety of clinical
conditions have suggested that
disorders of extracellular PP,
metabolism do occur in some disease
states, hypophosphatasia being the
best example. However, plasma and
serum PPi concentrations are also
raised in about one third of patients
with chronic renal failure, and the
values return to normal after

haemodialysis or renal transplant.76 '
An increase in the PP, content of bone
has also been noted in some patients

with chronic renal failure and it has
been suggested that a relationship
exists between the bone content of PP,
and the extent of soft tissue
calcification in these patients.79
The plasma concentration of PP, has
been reported to be raised in some
cases of acromegaly and this increase
appears to be correlated with an
increase in the plasma Pi
concentration.' "' Plasma PP, is also
raised in some patients with
osteomalacia due to vitamin D
deficiency, but apparently not in some
of the inherited forms of vitamin
D-resistant renal tubular rickets, nor
in osteomalacia associated with total
parenteral nutrition,'5 (M. K. B.
McGuire and others, paper presented
at 14th Annual Meeting of American
Society of Nephrology, 1981).
A defect in urinary PP, excretion
may contribute to formation of renal
stones in some cases. In several studies
it has been reported that urinary PP1
excretion is reduced in men who form
stones but not women, with this effect
being most marked in the 30-40 age

group."-83

A defect in extracellular PPi
metabolism is unlikely in osteogenesis
imperfecta as we have been unable to
confirm the observation of Solomon's
group that the serum PPi
concentration is raised in this

disorder."5
In this context it is important to note
that measurements of PP, in serum
give values two to four-fold higher
than in plasma. This is due to the
release during blood clotting of PP,
stored in the dense granules of

platelets.
There is little evidence for any

change in the plasma PP,

concentration in either rheumatoid
arthritis or osteoarthritis.'7 8 86-86
In summary, there appears to be no
systemic disorder in PP1 metabolism
associated with most cases of

chondrocalcinosis.

Physicochemical studies of calcium
pyrophosphate crystal formation
Little is known about the

physicochemical conditions necessary
for the formation of calcium
pyrophosphate dihydrate (CPPD)
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crystals in articular cartilage and other
sites in vivo. The problem can be
considered from several points of
view:
(a) What factors are necessary for
initiating crystal deposition? (b) What
determines the interconversions of
different crystal forms of CPPD? (c)
What influences the formation of the
crystals, their solubility and removal
from the joint?
INITIATION OF CRYSTAL
DEPOSITION

The formation of CPPD crystals in
pathological conditions may be
promoted in various ways. Firstly, the
concentrations of calcium or PPi may
be raised; the increased
concentrations of PP, could result from
either enhanced production or
decreased removal from the joint, as,
for example, in hypophosphatasia." "712
By analogy, increased plasma calcium
concentrations
occur
in
hyperparathyroidism, although
whether or not the association with
deposition of CPPD crystals is
mediated via raised calcium
concentrations is at present unknown.
Crystal formation might also be
favoured by the presence of nucleating
agents or by the removal of any neutral
inhibitors of crystal formation,
although currently very little is known
about these possible mechanisms. In
order to study some of these questions
we have devised a simple method to
define the conditions necessary for
crystal deposition in vitro.89 90
The formation of crystals was
studied in simple synthetic solutions
which mimic extracellular and synovial
fluids. At physiological concentrations
of calcium (1- 5 mmol/) at pH 7- 4 and
physiological ionic strength, crystals of
calcium pyrophosphate were found to
form within three days at 370C, when
the PPi concentration was 40 ,umol/l or
higher. In the presence of Mg++ at
physiological concentrations (0.5
mmolIl), crystals formed only when
the PP, concentration reached 175
mol/l. This contrasts with the
concentrations of PP, found in normal
synovial fluids (mean 3 molIl; range 1
to 4 mol) and in pseudogout fluid
(mean 20 ,umolVl; range 5 to 60
,umol/l). In the presence of
physiological concentrations (1
mmol/l) of inorganic phosphate
(orthophosphate) the PPi

concentration required for crystal
initiation was lowered to 75 molIl. This
reflects conditions which are the
closest to physiological that have so far
been explored. It appears, therefore,
that the formation of CPPD crystals in
synovial fluid would not be favoured in
vivo. To explain where and why
crystals form in the body one therefore
needs to invoke additional
mechanisms such as increased local
concentrations of either calcium or
PP,, or the presence of nucleating
agents.
The concept of nucleating
mechanisms leading to crystal
formation is an attractive one which
requires further study. The association
of pyrophosphate arthropathy with
haemochromatosis7" was investigated
and the possibility that iron salts might
act as nucleating agents for crystal
formation was tested in the crystal
growth system in vitro. The presence
of low concentrations of ferric salts
(Fe++ at 25 umol/l) promoted crystal
growth with the result that the amount
of PPi needed for crystal formation
was reduced to one quarter of that
required in the absence of iron.89 It was
thought that this effect may have been
due to the colloidal nature of Fe-+ salts
in solution at neutral pH. Urate at
physiological concentrations also has a
small promoting effect on the
precipitation of calcium
pyrophosphate'9 but it is doubtful
whether this effect is potent enough to
explain the association found between
urate gout and pyrophosphate

arthropathy.
Crystal formation in vitro increases
rapidly as the pH rises through the
range of 7 2 to 7-4 suggesting that in
vivo a small change in pH could induce
crystal formation without such large
changes in the concentration of Ca and
PP, being required. These results are
interesting in relation to studies of
Howell and Pita's group,9'" who have
recorded high pH in extracellular fluid
aspirates from epiphyseal cartilage by
micropuncture techniques. The pH of
fluid within articular rather than

epiphyseal cartilage is, however, not
known. In our studies of crystal
formation in vitro a high pH promoted
crystal formation.
The possible role of nucleation by

epitaxy has also been explored and
hydroxyapatite crystals were tested for
their effect in our crystal growth

experiments. At 40 4g/ml the added
crystals raised the amount of
pyrophosphate required to initiate
CPPD crystal growth, presumably
explained by their ability to absorb
pyrophosphate, thereby making it
unavailable. At lower concentrations
(4,g/ml) preliminary results suggest
that hydroxyapatite crystals are
without effect, suggesting a balance
between nucleating effects and surface
adsorption of pyrophosphate. Further
work is required to clarify this point.
CRYSTAL TRANSFORMATIONS

The type of CPPD crystals found
naturally in vivo are predominantly in
the triclinic form, although McCarty et
al94 and Bywaters et al95 have reported
the occurrence of the monoclinic form.
Crystals produced in the three day
incubations under the experimental
conditions of Hearn and Russell' 90
were shown by x-ray diffraction to be
orthorhombic in the absence of Mg-+
and amorphous in the presence of
physiological concentration of Mg+.
Longer incubations of one month or
more with added magnesium appear to
allow the slow formation of crystals of
the monoclinic type, followed by a
slow transition to the triclinic form.
The presence of 1 mmolI phosphate
considerably increased the rate of this
transition, but even then failed to
convert a significant proportion of
crystals to the triclinic form.
The use of nucleating agents has so
far failed to influence the type of
crystal formed from solution.
Hydroxyapatite crystals promote
CPPD crystal formation but the types
formed are orthorhombic and
monoclinic. Similarly, addition of
preformed CPPi crystals of these types
leads only to further growth of those
crystals and new growth of similar
crystals, with no increase in transition
to the triclinic forms.
These studies are based on
microscopical identification and await
confirmation by x-ray diffraction
techniques. Work from the soil
chemists of the Tennessee River
Valley Authority,96 who investigated
calcium pyrophosphates in relation to
their use as fertilisers, provides
valuable information about the
potential transformations that can
occur. A study of their results indicates
that the monoclinic and triclinic
varieties of CPPD crystals appear to
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represent the stable end products of a
number of potential crystal
transformations. Regardless of the
physical nature of the first crystals to
deposit, all crystals may therefore
convert ultimately to monoclinic and
triclinic varieties in vivo.
These studies shed light on the
mystery of why the naturally occurring
crystals are usually of the triclinic and
occasionally of the monoclinic variety.
In an interesting study, Pritzker et
al97 showed that the monoclinic and
triclinic crystals could be made to form
within silica and gelatin gels in vitro.
Their conditions were close to, but did
not match, the natural physiological
state. Thus the concentrations of
calcium and PPi they started with were
considerably in excess of normal and
the pH was below 6 0.
Our own current work also suggests
that these crystal conversions actually
occur under simulated physiological
conditions, but often take a long time,
which means that the existence of
these specific crystal forms in vivo may
simply be an indication of the length of
time available for crystal conversions
to take place.
CRYSTAL FORMATION,
SOLUBILITY AND REMOVAL FROM
THE JOINT

In cartilage CPPD crystal deposits
appear initially in rims around cells93
and the large deposits are associated
with empty cartilage lacunae
indicating chondrocyte death.9" In the
synovium, in contrast, CPPD crystals
are found only in the phagocytic cells
of the synovial membrane.99
Experimental studies using labelled
crystals support the concept that these

.c..ystal deposits

are sequestered from
t,he synovial fluid rather than being
formed in the synovium itself.
It seems probable, therefore, that
crystals are formed initially in
!CPPD
articular cartilage, and appear in the
synovial fluid via a process of shedding
rather than growth in situ of new
CPPD crystals.

Bone is another tissue with a
possible role in formation of CPPD.
Bone lies close to the joint and the PP,
concentrations might be expected to
be high due to the ability of PP, to
adsorb to hydroxyapatite surfaces. It is
also possible that nucleating agents are
located at the sites where crystal
growth starts. The preferential

location of CPPD deposits in articular
cartilage and other joint structures
suggests that there may be some
abnormality of PPi metabolism,
metabolite diffusion, or of nucleation
at these sites. PPi concentrations are
raised in the synovial fluid but not in
the plasma of patients with
chondrocalcinosis and osteoarthritis,
with chronically symptomatic
joints.70"6 100 101 It is uncertain whether
this reflects local abnormalities in PP,
metabolism or whether it is a result of
dissolution of CPPD within the joint
tissues.
As crystals are not regularly found
in synovial fluid in osteoarthropathy,
but only in pseudogout, despite the
reported similarity in synovial fluid
concentrations of PP, levels, it would
appear that either the PP, is derived
from different sources in the two
conditions, or that specific
mechanisms (such as nucleation of
crystal growth) exist in the joints of
patients with chondrocalcinosis which
lead to CPPD crystal formation.
The high negative fixed charge
density of articular cartilage102 may
favour retention of cations.
Maroudas103 has suggested that
cartilage may show some selectivity for
the retention of calcium, which would
lead to a rise in total calcium
concentrations within the cartilage.
The free ionic calcium concentration
would, however, be expected to
remain similar to that in synovial fluid.
However, in pathological conditions,
bound calcium might be released
during degradation of proteoglycans
and thereby initiate the formation of
CPPD crystals.
Finally, it is possible that the raised
PPi concentrations arise from
dissolution of CPPD crystals.
However, Camerlain et al104 found that
crystals incubated in vitro with joint
fluid showed very little exchange with
321PPPi. This contrasts with the rapid
turnover of PP, in vivo and suggests
that either the solubility product for
calcium pyrophosphate had already
been attained or that one or more
components of the turnover system in
vivo were lacking. The problems of
solubility are complex, however, and
synthetic crystals behave differently
from natural ones-possibly because
of proteins which coat the crystals and
impair dissolution. The phagocytosis
of CPPD crystals is probably

important in provoking the acute
inflammatory reaction within the
joint. CPPD, as with other crystal
types which can provoke
inflammation, has been shown to
induce cell lysis. This may be the basis
for the findings of chondrocyte
lacunae in the vicinity of CPPD
crystals in articular cartilage.99 This
may be due to the intracellular
dissolution of crystals releasing large
amounts of calcium and thereby
poisoning the cell.
The question of why only certain
patients with CPPD crystal deposition
disease experience attacks of crystal
synovitis remains to be determined.
Presumably certain conditions have to
be met before crystals will be 'shed'
from the cartilage to provoke an
attack. There appears to be an
association of such attacks with
major surgical interevention,
especially where there is a significant
postoperative decrease in serum
calcium concentrations (parathyroidectomy, major surgery in
the abdomen or thorax, etc).101 Any
abrupt fall in serum calcium will lower
the [Ca] x [PPi] ion product in the
extracellular fluid bathing the CPPD
crystals and may result in a loosening
of these deposits within the lacunae
due to crystal dissolution. The sudden
decrease in size of the crystals may
enhance their release from sites where
they were hitherto tightly packed.
Other mechanisms for release include

minor surface fractures induced by
trauma or wear.
We are grateful to the Arthritis and
Rheumatism Council for their support of
this work. A. Caswell acknowledges the
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Pyrophosphate arthropathy-recent clinical advances
MICHAEL DOHERTY
From the University Department of Medicine, Bristol Royal Infirmary

It is now 20 years since McCarty et al.
identified calcium pyrophosphate
dihydrate (CPPD) crystals in synovial
fluid from patients with acute arthritis
and radiological chondrocalcinosis.'
CPPD crystals were subsequently
shown
to
be
inflammatory both in vivo and in vitro2
and their causal role in joint disease,
reflected by the term 'CPPD
crystal-induced synovitis', was readily
accepted. Cadaveric studies3 later
established CPPD as the most
common, though not exclusive, cause
of cartilage calcification in the knee,
and familial chondrocalcinosis
articularis,5 metabolic disease,6 and
aging7 became recognised as
predisposing factors.
Since description of'the pseudogout
syndrome', however, an increasingly
complex picture of pyrophosphate
arthropathy has emerged. In particular
it is apparent that: (a) there is great
diversity in the clinical syndromes
associated with intra-articular CPPD
crystal deposition, and (b) CPPD
crystal deposition, particularly in the
elderly, commonly occurs in the
absence of inflammation and joint
damage.
Both observations are incorporated
in McCarty's clinical classification of
'calcium pyrophosphate deposition
disease', in which five overlapping
patterns are recognised-'pseudogout', 'pseudorheumatoid arthritis',
'pseudo-osteoarthritis', 'pseudoneuropathic joints', and asymptomatic
or 'lanthanic' deposition.' Inherent in
this classification, however, is the
unexplained paradox that in some
individuals CPPD crystals appear to
cause arthritis, as suggested by the
characteristic nature and distribution
of joint disease and the phlogistic
properties of the crystals, while in
others they deposit inertly in the
apparent absence of joint disease. The
resultant debate as to whether CPPD
(and hydroxyapatite) crystals are
primary pathogenetic particles, epi-

phenomena to cartilage damage, or
'innocent bystanders' has been
reviewed recently,' and is considered
elsewhere in this issue. It would
appear, however, that in most cases
intra-articular CPPD crystal deposition alone is an insufficient cause for
arthritis. This, together with the wide
range of clinical expression, implies
the operation of multiple factors in the
pathogenesis of pyrophosphate
arthropathy-a point that will recur
throughout this discussion.
This review will largely be confined
to recent clinical studies that have
contributed to our understanding of
the arthritis associated with CPPD
crystal deposition. The predisposing
factors, clinical range, and possible
methods of treatment of
pyrophosphate arthropathy will be
considered first, and then the question
of asymptomatic chondrocalcinosis
will specifically be addressed by
critical examination of a recently
proposed 'amplification loop'
hypothesis for particle-induced joint

disease."o
Predisposing factors
HEREDITY

Studies to determine an hereditary
trait in pyrophosphate arthropathy are
made particularly difficult by the
increasing mobility of the population
and by late onset of disease expression,
which precludes examination of
several generations at the age of risk.
Recognition and subsequent study of
familial cases has therefore been
prompted largely by presentation at an
early age with florid polyarticular
disease. The paucity and special
characteristics of such cases' 11-17 has
led, not unnaturally, to the assumption
that hereditary predisposition to
pyrophosphate arthropathy is rare.
Recently, however, RodriguezValverde et al. have described five
Spanish pedigrees that differ from
other reported kindreds in showing

late onset of symptoms, predominance
in women, mild clinical disease, and
oligoarticular chondrocalcinosis, particularly of the knee (Table 1)." Such
cases, similar to heterozygous forms in
the Czech5 and Chilean series,1' are
clinically and radiologically indistinguishable from common sporadic
cases of pyrophosphate arthropathy,
suggesting that the true prevalence of
familial disease has been underestimated owing to lack of adequate
studies and that a genetic influence
may operate even in sporadic forms of
the disease. The early finding by
McCarty that three out of 12 patients
with pseudogout had affected family
members' supports this hypothesis and
emphasises the need for further
studies.
The mechanism of familial
predisposition remains unknown. A
metabolic disturbance of cartilage
matrix has been suggested by
examination of cartilage from Swedish
patients." Recent demonstration,
however, of raised concentrations of
inorganic pyrophosphate (PP,) in skin
fibroblasts and transformed
lymphocytes of French hereditary
cases20 raises the possibility of a
generalised metabolic abnormality.
METABOLIC DISEASE

Although an impressive number of
metabolic diseases have been reported
to predispose to CPPD deposition,
only a few are likely to have a true
association (Table 2). Many reflect no
more than chance concurrence of two
common age-related phenomena, as
controlled studies have shown for
Paget's disease,2' diabetes,' 22 and
hypertension.22 With rare conditions,
however, convincing evidence may be
provided by the finding of premature
chondrocalcinosis in a few cases;
CPPD deposition in four young
patients with Bartter's syndrome23 24
therefore appears significant and
presumably relates to the associated
hypomagnesaemia. The validity of
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Table 2 Metabolic conditions
associated with CPPD crystal
deposition disease

a

Hypothyroidism
Hyperparathyroidism
Haemochromatosis
Haemosiderosis
Gout
Hypophosphatasia*
Hypomagnesaemia*
Wilson's disease*
Amyloid
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Particularly associated with
chondrocalcinosis at a young age.
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putative metabolic associations has
been fully reviewed by Hamilton6 and,
more recently, by Howell.25
Even in the presence of associated
metabolic diseases the multifactorial
nature of pyrophosphate arthropathy
is still apparent, as shown by the
independent effect of age in patients
with hyperparathyroidism26 and
haemochromatosis.6 Whether such
conditions affect CPPD crystal
deposition direct, or whether, by
alteration of connective tissue
metabolism they bring about
premature phenotypic expression of
an underlying heterozygous state
can only evoke speculation. In
both hyperparathyroidism and
haemochromatosis, however,
correction of the underlying metabolic
abnormality does not ameliorate joint
disease," 2 suggesting that once
established pyrophosphate
arthropathy is a self perpetuating
condition.
The relationship between gout and
chondrocalcinosis has recently been
investigated in two companion studies
by Stockman and Hollingworth.11 29
Chondrocalcinosis was detected
radiologically in 6% of 138 gouty
patients (mean age 55 years) but in
only 1 % of age-matched controls with
hyperuricaemia and in no
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Since the initial report by Kaplinski
et al. ' several studies have supported
an association between chondrocalcinosis and senile amyloid. Ryan et
al. for example, found CPPD deposits
in four out of five patients with
amyloid arthropathy of the wrists, noting carpal tunnel syndrome and pitting
hand oedema as prominent features.3" 32
Teglbjaerg et al. also found amyloid in
association with CPPD in 14 out of 15
tissues (seven hips, eight knees)
removed during joint replacement for
pyrophosphate arthropathy.33 A
speculative mechanism to link amyloid
with chondrocalcinosis is suggested by
the enhancement of fibroblast glyco-

saminoglycan synthesis by amyloid
fibrils,34 the high Ca++ concentration in
amyloid material,35 and the sequestration by amyloid of pyrophosphate
analogues.36 Such an association is
thus theoretically attractive and if confirmed would explain in part the relationship between CPPD deposition
and aging.
HYPERMOBI LITY

Generalised joint laxity and
chondrocalcinosis were first associated
by Bird et al., who found that of 16
patients with generalised
hypermobility but no superadded
arthropathy, 11 showed widespread
changes of osteoarthritis and four had
evidence of CPPD deposition.3" Their
conclusion that hypermobility
predisposes to both osteoarthritis and
chondrocalcinosis is open to two
possible interpretations. Firstly, a
systemic defect of connective tissue
might predispose independently to
hypermobility and chondrocalcinosis,
or, secondly, joint laxity itself may
result in chondrocalcinosis via local
mechanical factors. Support for the
latter hypothesis was recently
provided by four case reports from
Settas et al. of localised
chondrocalcinosis in unstable joints.38
This finding emphasises that CPPD
deposition may occur secondary to
local joint damage (perhaps the
mechanism in neuropathic joints') and
that some patients diagnosed as having
pyrophosphate arthropathy may well
have a different primary joint disease.

concentration of uric acid, confirming
that the association is with gouty
arthritis and not with hyperuricaemia
per se. Interestingly, gouty patients
with chondrocalcinosis had longer OSTEOARTH RITIS
duration of symptoms and higher In most series osteoarthritis is the most
scores for radiological osteoarthritis of common association found, the
the knee, implying that the primary incidence ranging from 40% to 70%Y.O
correlation is with joint damage.
Whether this is greater than the
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incidence found in a control
population, however, has not been
determined.
Ellman et al. found greater joint
space narrowing on x-ray films of
non-weight-bearing knees of patients
with pseudogout than on those of
their spouses or hospitalised
controls, concluding that this
represented co-existence of CPPD
deposition and osteoarthritis.39
Whether this osteoarthritis was
primary or secondary, however, was
not discernible.
In a recent study by Dieppe et al.
several patients showed clear clinical
and radiological progression from
osteoarthritis to a more widespread
disease associated with pseudogout or
destructive arthritis,"0 strongly
suggesting that osteoarthritis is a
genuine predisposing factor. The
relationship between trauma,
chondrocalcinosis and CPPD
deposition further confirms this

view.'-"
AGING

Many studies have now confirmed the
sharp increase in incidence of
radiological chondrocalcinosis and
CPPD deposition in those over 60
years, up to 30%-60% of
nonogenarians being affected.743
Whether this results from a higher
incidence of degenerative changes in
the elderly or from aging per se,
however, remains unknown.
Ethnic origin has been shown to
exert an additional influence on age
related incidence of chondrocalcinosis, as shown for example, by
the higher incidence in elderly Jewish
compared with non-Jewish, Tunisians
(12% v 4%) (M Moalla et al., paper
presented at 15th International Congress of Rheumatology, Paris, 1981).
Wilkins et al. have recently reported a
high prevalence (34%) of radiological
chondrocalcinosis in a geriatric
caucasian population, rising from 11 %
in those aged 65-74 years through
35% in those aged 75-84 to 47% in
those over 85.4 Interestingly, deformity and radiological osteoarthritis
were more common in those with
chondrocalcinosis. Similar clinical
findings have been observed by Ellman and Levin for chondrocalcinosis
of the wrist, suggesting that ageassociated chondrocalcinosis is not
wholly benign.43

Clinical range of disease
SITES

In all published series clinically
significant disease associated with
CPPD deposition most commonly
affects knees, ankles, shoulders,
wrists, and metacarpophalangeal
joints; involvement of the spine, hip,
and elbow is less frequent but
particularly occurs in hereditary
forms.5 11 Recent attention, however,
has particularly focused on CPPD
deposition at additional or unusual
sites.
Three cases of temporomandibular
joint involvement have been reported,
one with presumed acute pseudogout
responsive to indomethacin45 and two
with destructive lesions associated
with solitary masses of CPPD in
chondroid metaplasia of synovium.46
Similar chronic, solitary masses of
'tophaceous' CPPD have been
reported to cause destructive
monoarthritis, unassociated with
CPPD elsewhere, in small joints of the
hand,40 49 thus broadening the
pathological setting of CPPD
deposition.
Spinal involvement has been
increasingly recognised. Isolated
annulus fibrosus CPPD deposits have
been found in 36 of 1000 discs
removed during initial operation,50
and in 10% of 73 tissues removed
during second and subsequent
operations for 'disc' disease.5" Ellman
et al. reported four similar cases of
CPPD deposition in lumbar disc
fibrocartilage removed from sites of
previous operation, emphasising the
role of previous trauma.52
Bywaters recently described CPPD
deposits in interspinal bursae in the
cervical spine,53 and Le Goffet al. have
described four elderly patients who
developed a self-limiting meningitic
syndrome in association with cervical
cartilage calcification and CPPD
deposition elsewhere.54 Axial CPPD
deposition and associated clinical
syndromes may therefore be more
frequent than previously supposed.
Calcification of tendons,
particularly of the Achilles,
quadriceps, and triceps, are a common
radiological finding in patients with
articular chondrocalcinosis. Gerster et
al. have shown that CPPD may be
responsible and have emphasised the
radiological differences between fine

linear deposits of CPPD and round,
nummular collections of apatite.5
Most patients remain asymptomatic,
but Gerster et al. recently implicated
CPPD tendon deposits in one patient
with olecranon bursitis56 and three
with Achilles tendonitis,57 concluding
that tendonitis and bursitis should be
considered as extra-articular
manifestations of CPPD deposition
disease. Interestingly, one of the
patients with Achilles tendonitis
showed chronic inflammation and
disappearance of tendon
calcification .
PATTERNS

There have been relatively few clinical
surveys of patients with
pyrophosphate arthropathy, and most
have included only small numbers of
patients selected according to the
classification introduced by McCarty.'
Recently, however, Dieppe et al.
reported their findings on 105
consecutive patients presenting with
joint disease and evidence of CPPD
deposition.10 In contrast to previous
surveys, inclusion of patients with a
subsequent diagnosis of another
rheumatic disease allowed study of the
whole clinical range of CPPD

deposition.
A striking feature of this study, not
emphasised by previous authors, was
the pronounced difference between
the sexes in the pattern of disease. The
29 men were 10 years younger, had a
shorter history of symptoms, mainly
suffered recurrent acute attacks in the
leg, and had less severe joint damage.
By contrast, most of the 76 women had
chronic polyarticular disease with
more frequent attacks in the joints of
the arms and tendency to polyarticular
attacks. Gross destructive changes,
similar to those described by Richards
and Hamilton,58 Menkes et al.,59 and
others, were seen particularly in knees
and shoulders of the elderly women
with generalised disease.
Although all features of the clinical
subtypes described by McCarty were
recognised in this study, considerable
overlap made clear classification on
this basis difficult, and the prefix
'pseudo' was often clearly
inappropriate. A total of 45 patients,
for example, had definite generalised
osteoarthritis, and another eight
fulfilled ARA criteria for rheumatoid
disease. Other recognised joint disease
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included generalised hypermobility,'3
previous knee surgery,8 and gout.2 In
many cases it was evident that these
diseases predated CPPD deposition,
and the finding that 69% of patients
had pre-existing disease or treatment
known to damage articular cartilage
led the authors to conclude that crystal
deposition commonly occurs
secondary to joint damage-an
hypothesis examined in greater detail
at the end of this review.
Treatment

Spilberg et al. recently reported the
efficacy (80%) of 1 mg intravenous
colchicine in patients with acute
pseudogout, emphasising particularly
the pathogenetic and diagnostic implications of this finding.' In practice,
however, the use of colchicine is rarely
warranted as acute attacks are self
limiting, rarely severe, and commonly
respond to aspiration alone. Nonsteroidal, anti-inflammatory drugs,
particularly for polyarticular attacks,
and intra-articular steroid25 afford
additional benefit in difficult cases.
In contrast, chronic pyrophosphate
arthropathy often presents difficulties
in management. In contrast to gout,
there is no definitive treatment for this
disabling condition, and attempts at
symptomatic control with analgesic or
anti-inflammatory drugs are often
disappointing. Apart from joint
lavage" little in the way of additional
medical treatment has been proposed.
Recently, however, Doherty and
Dieppe have reported a beneficial
effect of intra-articular yttrium-90 as
colloidal silicate, on chronic
pyrophosphate arthropathy of the
knee.62 Fifteen patients with severe
bilateral disease were given 5mCi 90Y
plus steroid in one knee, and saline
plus steroid in the other, on a random,
double blind basis. At six months there
was significantly less pain, stiffness,
tenderness, and effusion in the knees
injected with 90Y: significant
differences in range of movement and
joint circumference were also noted,
partly due to progression of the disease
on the control side. In all cases beth
patient and observer favoured the
treatment side (p<0-01), reinforcing
the conclusion that 9'Y is effective in
moderating the synovitis of chronic
pyrophosphate arthropathy. The
tendency of this condition to affect the

possibly effect some other change that
predisposes susceptible individuals to
CPPD (or apatite) crystal formation.
Aging and associated metabolic
disease may independently enhance
this susceptibility. Crystals grow in
cartilage2 and if they remain there
their deleterious effects are probably
limited. But if the crystals are shed
from altered cartilage into the synovial
space'5 they will then be exposed to
synoviocytes and other inflammatory
mediators and may act as wear
particles on the joint surface.' They
may then produce acute inflammatory
episodes and further chronic joint
destruction, setting up an
amplification loop with further
predisposition to crystal formation.
The finding of chondrocalcinosis in
asymptomatic joints in the elderly
could then be explained by assuming
that when age-associated crystal
deposition occurs in a well preserved
cartilage matrix, shedding of crystals
into the joint space is prevented. The
The 'amplification loop' hypothesis
wide variety of 'pseudo' syndromes
The clinical study that led Dieppe et associated with CPPD crystal
al. " to challenge McCarty's clinical deposition could also be explained by
classification of CPPD deposition superimposition of crystal
disease' also suggested an hypothesis inflammation on other disease
to explain both the clinical diversity of patterns, the most common being
pyrophosphate arthropathy and the primary or secondary osteoarthritis.
paradox of asymptomatic Furthermore, progression of
chondrocalcinosis. Figure 1 outlines established pyrophosphate
this 'amplification loop' arthropathy would be expected to
hypothesis," 42 which applies to other continue, despite correction of
calcium phosphate crystals.
initiating metabolic disease.2" 27
Such an hypothesis, by accomMany factors may initiate cartilage
damage, and when such damage is modating many of the clinical observasevere symptomatic arthritis will tions reviewed, therefore appears
result. Cartilage damage may alter theoretically attractive. Its integrity,
proteoglycan concentrations, alter however, rests on three crucial supposcrystal nucleating and inhibitory itions. Firstly, the interrelationship
factors, increase PPi turnover, or between cartilage damage and crystal
deposition; secondly, the existence of
crystal shedding as an in vivo mechanOse0arbrt
Hyperfmrbility
Cartiloge
ism; and, thirdly, the major role of
Artlritis
damnoge
Trournaiurgery
Sleod t at <n
in the pathogenesis of pyrosynovitis
~~~~~moge~ ~
phosphate arthropathy. Recent clini(
cal studies have made it possible to test
Hrdt
Wlommatlory
e
I
N~~~~~..ic each of these separately.

knees of the elderly makes such
treatment highly suitable, as the joint
lends itself readily to injection and the
procedure carries negligible
theoretical risks in this age group.
Doherty and Dieppe in this issue
also report a double blind, placebo
controlled trial of oral magnesium
carbonate in chronic pyrophosphate
arthropathy. The finding of a uniform
trend towards improvement over six
months in those taking magnesium is
encouraging and suggests that further
studies of magnesium supplementation are warranted. Recent
demonstration by McCarty et al. of a
half life of one to three months for
CPPD crystals in arthritic human
joints63 indicates that only in a prolonged trial might any putative definitive
treatment be expected to result in a
diminution of radiological chondrocalcinosis, a finding reported in a
single patient by Runeberg et al. 4

,

disease

RLk- ot
crystals (atragrrens
of bore aod cartiloge)

Fig. 1 Amplification loop'
hypothesis. Pre-existing joint damage
predisposes to crystal deposition. The
mineral deposits may then accelerate
joint damage by mechanical or
inflammatory pathways.

CARTILAGE DAMAGE AND
CRYSTAL DEPOSITION

This interrelationship has been investigated by Doherty et al. using meniscectomy as a convenient human model
of isolated joint damage.42 One
hundred patients who underwent
unilateral meniscectomy were
reviewed at a mean of 24- 8 years after

Ann Rheum Dis: first published as 10.1136/ard.42.Suppl_1.1-a on 1 January 1983. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by
copyright.

Pyrophosphate arthropathy-recent clinical advances Suppl p 41

operation. Radiological chondrocalcinosis was detected in 20'Y, of
operated, but only 44>, of unoperated,
knees (p 0-01), chondrocalcinosis
being confined to the operated side in
16 cases. Prevalence of chondrocalcinosis and osteoarthritis in knees
of age- and sex-matched controls was
similar to that in unoperated knees,
implying no special underlying predisposition to chondrocalcinosis or
osteoarthritis in the study group. The
increased prevalence of chondrocalcinosis in operated knees therefore
related to previous joint trauma, a
finding previously reported by Linden
and Nilssen.4' More importantly, however. operated knees with chondrocalcinosis had significantly higher
prevalence of inflammatory features
(stiffness. effusion, acute attacks) andi
more severe radiological changes of
osteoarthritis than operated knees
without chondrocalcinosis, thus supporting the amplification of joint disease by crystals arising in the context of
damaged cartilage. The independent
effect of age on localised
chondrocalcinosis in this study (Fig. 2)
again illustrates the multifactorial
nature of this phenomenoni.
40
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Fig. 2 P'rev-alenice of'
choacidrocalciriosis according to age itt
operated and unoperated knees of 100
patients who had undergotne
rnetnisectorn and 100 controls (ref 42).
CRY SI AL SHEDD)INGC

Precipitation of acute pseudogout by
joint lavage with crystal solubilising
agents prompted Bennett et al. to
propose crystal shedding as a possible
pathogenetic mechanism."' Although
several observations, including a
lowered ion ised Cat+ in situations that
provoke acute attacks, might be
explained bv this 'auto-injectioti.
evidence for its operation in an

appropriate clinical setting has
remained circumstantial.
Recently, however, Doherty and
Dieppe reported disappearance of
radiological chondrocalcinosis during
an attack of pseudogout in the knee of
a 76 year old man.6" This
phenomenon, analogous to dispersal
of apatite calcification in acute calcific
periarthritis, provides direct evidence
of CPPD crystal shedding in vivo, and
may explain those cases of acute
pseudogout with synovial fluid crystals
but no chondrocalcinosis of the
affected joint. Another similar case in
a wrist has been reported, in which
chondrocalcinosis was undetectable
on x-ray film two months after an acute
attack complicated by reflex
sympathetic dystrophy of the hand.57
THE SYNOVIAL COMPONENT

Much evidence from in vitro and
animal studies incriminates synovial
reaction in CPPD crvstal-induced
arthritis.2
Clinical evidence of the importance
of continuing synovitis in chronic
pyrophosphate arthropathy, however,
was recently provided by Doherty and
Dieppe, who demonstrated objective
and symptomatic improvement
following synoviorthese with 90y.62
Although radiocolloids generally
produce best results when radiological
changes are slight, several patients had
had advanced x-ray changes.
Improvement even in these suggests
that synovium-derived, and not just
mechanical, factors are important at
all stages of this disease; interaction
between these factors, however, is
complex.9
Clinical studies to test the
amplification loop hypothesis have
therefore tended to strengthen rather
than to refute the various suppositions
inherent in this mechanism. Even clear
progression in hereditary cases from
asymptomatic chondrocalcinosis of
normal thickness cartilage to severe
arthritis may be viewed as a rare
instance5 where the gross nature of the
CPPD deposits results in an
appreciable mechanical disruption of
possibly already compromised

cartilage.19
Several observations, however, still

remain unexplainied, the most
important being the distribution of
joint involvement in patients with

pyrophosphate arthropathy. Though

the prevalence anid patternl of disease
of metacarpophalanlgeal and
interphalatngeal joints is similar to that
found in patients wvith generalised
osteoarthritis.l) rist, shoLldei . and
ankle involvement. uncommon in
osteoarthritis, is frcquently seeni. Only
in certain cases, thetefore. can
amplificationi of existinig joint disease
be clearly establishet, indicating that
further initiating and predlisposing
factors have vet to be dletertinined.
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ism of joint damage than of a specific
disease state, analogous to the situation with 'Milwaukee shoulder.'
Deposition of crystals may thus be
relevant to our understanding of a much
wider range of joint diseases than was
first thought when the term 'crystal
deposition arthropathies' was intro-

duced. Further elucidation of the
metabolic and tissue factors involved
in CPPD crystal deposition and of the
chronic interaction between CPPD
crystals and joint tissues is required, as
it is only through knowledge of these
that suitable treatment of 'pyrosphosphate arthropathy' will be attained.

Conclusion
Recent studies of patients with
pyrophosphate arthropathy continue
to emphasise the multifactorial aetiology of CPPD crystal deposition and
the wide range of clinical disease patterns. It is conceivable, therefore, that
'pyrophosphate arthropathy' represents recognition more of a mechan-
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Introduction
The mechanism of cartilage
calcification has been outlined in
recent reviews."' A study of
epiphyseal cartilage calcification has
clearly established that the first
crystals of apatite that are found in the
hypertrophic zone are found in matrix
vesicles, in the longitudinal septa.' 2
Matrix vesicles are extracellular,
membranous particles, about 100 nm
in diameter, that are associated with
calcification of numerous tissues.3
Over 80% of the alkaline phosphatase
activity of epiphyseal cartilage is
associated with matrix vesicles, and
this enzyme content may facilitate the
calcification process initiated by
matrix vesicles.4 Mitochondria and
degenerating chondrocytes may play a
part in the second stage of
mineralisation and collagen is
important in the third stage for
retaining the mineral in the matrix.' 2
Research on the pathogenesis of
osteoarthritis has led to the conclusion
that it may be initiated by various
individual anatomical, mechanical, or
metabolic factors, but that there is a
final common pathway of cartilage
degeneration that eventually leads to
the total loss of articular cartilage and
joint function.' Enzyme analysis and
biochemical estimations of human
osteoarthritic cartilage led us to
postulate a calcification abnormality in
the diseased tissue as one such
aetiological factor.6 This would
provide an explanation for a certain
form of the disease and would not
necessarily explain the various disease
processes that lead to different forms
of osteoarthritis. Electron
microscopical studies of arthritic
human articular cartilage have shown
apatite-type crystal deposits
associated with matrix vesicles and
increased alkaline phosphatase activity

in the diseased tissue.7 8 These crystal
deposits were quite distinct and
different from calcium pyrophosphate
crystal deposition. In his study of
crystal deposits in human joints
McCarty had included apatite among
the various crystals seen in articular
and periarticular tissues in
inflammatory arthritis.9"' Apatite
crystals have also been observed in the
synovial fluid of arthritic patients by
Dieppe" " and by Schumacher and his
colleagues.'31 Faure" has also
observed calcium hydrogen phosphate
dihydrate crystals in synovial tissues.
We have attempted to elucidate the
nature and origin of apatite-type
crystals in human osteoarthritic
cartilage and have studied the
mechanism of their formation and
association with matrix vesicles.7 216 17
Apart from calcium pyrophosphate
crystal deposition in chondrocalcinosis, we have found at least three
different morphological types of apatite crystals in human arthritic cartilage and have characterised these by
electron probe analysis and by cryoultramicrotomy. Some of our results
have been published elsewhere'7 and
here we shall give further details of the
variety of crystals found in fresh,
human articular cartilage specimens.
Materials and methods

Fresh human osteoarthritic articular
cartilage was obtained from femoral
heads resected for total hip
replacement. It was degenerate or
residual cartilage (type IV in the
nomenclature of Ali and Bayliss6).
Normal specimens were obtained from
femoral heads after amputation of
hind quarters for osteosarcoma or other
malignant growth. Articular cartilage
was also obtained from patients who
had subcapital fracture, where the
cartilage surface and tissue appeared

quite smooth and 'normal'. Small (1
mm') specimens were fixed in
glutaldehyde only and processed for
electron microscopy by conventional
techniques as described elsewhere.6 18
Unstained sections were used for
electron probe analysis, with an energy
dispersive system, in a Philips 300
transmission electron microscope. For
morphological studies tissue
specimens were double fixed in
glutaraldehyde and osmium tetroxide
and sections were stained with uranyl
acetate and lead citrate.6 18
Results and discussion

Examination of more than 12
specimens of human osteoarthritic
cartilage has indicated that there are
different morphological types of
crystals present in different layers of
articular cartilage. It is preferable to
deal separately with these different
types of crystals because the
mechanism of their formation,
location, and the pathological
consequence may all be quite
different.
CRYSTAL NODULES IN DEEPER
ZONES
OF ARTICULAR CARTILAGE

The number of membrane-bound
matrix vesicles (50 nm to 250 nm in
diameter) is increased in the
pericellular area of the chondrocytes
in arthritic articular cartilage,
especially in the tidemark region, just
above the calcified cartilage and
subchondral bone. Because of the
great number of microscopic matrix
vesicles around each chondrocyte and
the variation from one area to another,
it has not been possible to count the
vesicles and assign numbers. It is for
this reason that we have previously
relied on the quantitative estimation of
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the marker enzyme alkaline
phosphatase. which is sometimes 30
times as high in osteoarthritic tissue as
in the normal cartilage.6 7 Associated
wvith these vesicles, and often
originatinig from them. are dense
mineral nodules (0.1 to 0 4 zm in
diameter) composed of fine crystals
(Fig. 1). Their morphology and
electron probe analysis (with a
calcium: phosphorus ratio exactly that
of hydroxyapatite) indicates that they

are apatite crystals. Their increased
presence in arthritic carti ilage may
imply several path(clogical
consequences, including redIupi a6'LUll
of the tidemark. reversion o)t articular
cartilage to growth phase. o0 r a general
increased tendencv towarrds tissuL
calcification. Although suc h crsstals
are also present in normal specimens
near the tidemark, it is the i ncrease in
numbers, distribution. and incidence
m
of occurrence right Up to the mld-zone
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Fig. I Electron microscopical appearance of human osteoarthritic ar,ticular
cartilage (from 32 year old wonian) showing apatite crystal niodules (tV ypeC I) atid
matrix vesicles (arrows) in the deep zone.
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Fig. 2 Human arthritic cartilage (from 64 year old man) showing a ch,ondrocyte
and dense cuboid crystals (type II) in the pericellular region of the co llagenous
matrix under the articular surface.

of articular cartilage that is particularly
noticeable.

i)ENSE, 'CUBOID' CRYSIAtS
SL'RFACE ZONE OF

IN

THE

ART'HRITIC CAR'IILAGE

These microscopic, dense cuboid'
crvstals appear mostly just under the
surface of arthritic articular cartilage
in the pericellular matrix surrounding
chondrocytes (Fig 2) In some
specimens they appear as a band of
fine particles in the surface zone. They
often appear square shaped in the
plane of the section (Figs. 2 and 3)
suggestive of a cuboid shape, though
this needs further confirmation. These
types of 'cuboid' crystals have neither
been seen in articular cartilage nor
described by anyone else previously,
although we have been aware of their
presence in arthritic cartilage for some
years. They vary in size from 50 nm to
200 nm and are evident in unstained
sections and in sections obtained by
cryoultramicrotomy.6 thus ruling out
any preparative artefacts.
Electron probe analysis of these
cuboid crystals indicates that they are
mainly composed of calcium and
phosphorus. Analvsis of over 60
cuboid crystals in a section of arthritic
cartilage (from a 70-year-old woman)
gave a calcium to phosphorus ratio of
1 72:1 while that for an
hydroxyapatite standard was 1 79:1
under the same conditions (detailed
results will be published elsewhere).
This apatite-like Ca:P ratio has been
confirmed by analysis of cuboid
crystals found in cryosections.'7 It has
been difficult to reconcile the apatitelike Ca: P ratio with the cuboid shape
of the crystals. There is a small amount
of magnesium present with calcium
and phosphorus which is indicative of
Whitlockite; in their cuboid habit
these crystals appear very much like
Whitlockite. Electron diffraction and
scanning electron microscopical
studies are being undertaken to
resolve this problem.
These cuboid crystals have now
been found in the last six consecutive
arthritic specimens that we have
examined by electron microscopy. In
some arthritic specimens they are
present in the surface, intermediate,
and deep zones of articular cartilage.
They are absent in young articular

cartilage but are sometimes present in
old 'normal' articular cartilage
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Fig. 3 Higher magnification picture of dense 'cuboid' crystals (type I1) and
several matrix vesicles closely associated with them (same specimen as fig. 2).
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clusters on the cartilage surface appear
very similar to apatite crystals
observed by Dieppe"' and
Schumacher"3 by electron microscopy
in synovial fluid, synovial membrane,
and synovial phagocytes. Matrix
vesicles are not associated with these
clusters of fine crystals, which
probably originate elsewhere in the
joint and are deposited on the surface
of articular cartilage as an
epiphenomenon. In contradiction to
this we have seen these crystals on the
smooth surface of a specimen obtained
as avascular necrosis of the femoral
head where there was no damage or
erosion of articular cartilage.
In conclusion, we believe that the
presence of these three different types
of calcium phosphate crystals and the
associated increase in matrix vesicles
and alkaline phosphatase activity of
arthritic articular cartilage may imply a
calcification abnormality and may
have aetiological implications in
certain forms of osteoarthritis. The
discovery of cuboid (Whitlockite)
crystals in human articular cartilage is
quite new and requires further
characterisation.16 17 Previously
Whitlockite has been reported only in
pathological calcification sites in soft
tissues such as lung and spleen"9 and in
hard tissues such as carious dentine.20
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Introduction

Calcified tendinitis in clinical practice

Calcified tendinitis is a common
disorder. Many names have been used
to describe it: some of them, such as
'calcific periarthritis', emphasise the
extra-articular site of the deposit;
others, such as 'periarticular apatite
deposition', mention the nature of the
compound found in the calcification;
and more recent ones, such as
'calcifying tendinitis',-'3 emphasise the.
active process that might explain the
deposition. Differentiated from
arthritis at the end of the nineteenth
century, this syndrome has only
recently been related to the presence
of apatite in tendon sheaths.4'5 It can
affect almost any tendon at its
insertion and is most common around
the shoulder joint. Rheumatologists
and radiologists have often described
this shoulder abnormality, leading to
its progressive differentiation from
other painful shoulder syndromes. 12
This review will discuss calcific
periarthritis of the shoulder as a
model. Clinical features of the
syndrome are variable and include
pain and inflammation. The key
diagnostic feature is the radiograph.
Clinical evolution is simple and the
condition often resolves
spontaneously. Some cases are
persistent and may require aggressive
treatment, including surgery.
Numerous questions are still
unanswered about this disorder, which
is rarely associated with metabolic
abnormalities of calcium and
phosphorus. These include: (a) the
nature of the mechanism leading to
calcium salt deposition; (b) the
frequent asymptomatic tolerance of
such calcification, and, conversely, (c)
the initiating agent of inflammatory
flares; and (d) the way in which the
material disperses.
Request for reprints to: G. Faure.

CLINICAL FEATURES

According to Welfling calcific
periarthritis is responsible for 7% of
painful shoulder syndromes,' which
have various presentations.
(1) Chronic symptoms-more or
less severe pain; tenderness leading to
various degrees of incapacitation.
These symptoms induce the demand
for radiographs, which reveal the
presence of deposits.
(2) Acute inflammatory crisis with
severe pain, tenderness, and local
oedematous inflammation sometimes
leading to restricted active an*d passive
motion. Fever and malaise may be
observed.
(3) Totally asymptomatic deposits.
According to Bosworth et al.,
clinical symptoms occur in from 34%
to 45% of patients in whom
calcifications are found.' Biochemical
and haematological tests are not
useful, and will only show non-specific
evidence of inflammation.
RADIOLOGICAL FEATURES

Simple anteroposterior and lateral
films are usually sufficient to see
shoulder calcification, though special
views in internal or external rotation
may be necessary.'2 Other techniques
have been described to obtain better
pick up, including xerography and
scanning, but many small deposits are
probably missed.
The calcification is usually in the
supraspinatus tendon, and various
appearances have been described. The
deposits may be very thin, outlining
the tendon sheath, or hazy, and they
vary in density and definition (Fig. 1).
Only in cases of disturbance of the
calcium to phosphorus ratio-for
example hyperparathyroidism
secondary to renal failure-is there
massive calcification.'3 The size
x-ray

Fig. 1 Calcific periarthritis of the
shoulder. Calcification is obvious; it
has already migrated from
supraspinatus region to bursa area.
usually varies between a few
millimetres and about 1-5 cm.
Calcification has been described
near almost every joint"2 although the
precise intratendinous or
paratendinous location of the stone is
not always seen. The deposits may be
multiple,'4 which French authors
identify as 'maladie des calcifications
tendineuses multiples'.' 1" Bilateral
calcification is seen in about half of
shoulder cases and deposits are often
seen in other locations-for example,
near the hip joint-if other
radiographs are taken.

Fig. 2 Acute bursitis of the shoulder
(same patient). Morphological aspects
of previous calcification is modified; it
is less dense and probably located
inside bursa.
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Sequential x-ray films may show
static calcification, a growing deposit,
change in the location, and even
spontaneous disappearance without
any acute clinical flare. During the
inflammatory crisis, the calcifications
usually follow a very well described
course. They become less defined,
more cloudy, and migrate into the
bursa (Figs. 2 and 3); they may or may
not disappear completely within a few
days or weeks. The reappearance of
calcification is not well substantiated
(Fig. 4). Some authors emphasise the
relation of the deposit to the bone
surrounding the tendon insertion
point.17 Destructive changes have
been reported in advanced cases, and
McCarty et al. have described a special
syndrome associating a destructive
arthropathy of the shoulder, apatite
deposits. and high collagenase
activities in the synovial fluid. They
call it the 'Milwaukee shoulder
syndrome'. 19

or articular origin present with
different symptoms. Analysis of fluid
and radiological investigations are also

discriminative. Extra-articular
ossification is radiologically different,
the deposits being trabeculated. and
articular chondrocalcinosis also
appears quite different on a
radiograph. Tendinous calcification
containing calcium pyrophosphate
dihydrate may be misleading2" but
is usually associated with
chondrocalcinosis.
TREATMENT

As both symptoms and deposits often
disappear spontaneously, both
clinician and patient should generally
abstain from interfering. Analgesics
and non-steroidal anti-inflammatory
drugs (NSAID) are useful, as well as
patience.
During an acute inflammatory crisis
more powerful NSAID drugs such as
indomethacin or phenylbutazone may

prove necessary, and some authors
recommend adding colchicine as in
gout and pseudogout. Aspiration of
fluid may also reduce symptoms. Local
injections of corticosteroids are used
by some clinicians, but may themselves

microcrystal-induced
inflammation, and the risk of infection
must be taken into account. Lavage
between attacks has been advocated,
but does not always seem rewarding.
Very painful resistant cases have

cause

received x-rav treatment. Calcium
inhibitors have also been tried but the
results are not convincing.
Surgery may prove successful, and a
few well documented cases treated by
surgical removal of the deposit have
been described.:'
LABORA1 ORY INVESTIGATIONS

The material aspirated from acutely
painful shoulders has been studied
thoroughly in a few cases, with
interesting results. Firstly. they

DIFFERENI IAL D)IAGNOSIS

The diagnosis is usually easy. Other
painful shoulder syndromes of osseous

Fig. 3 Sanme patient one month later.
Calcification has comnpletel/v
disappeared, though vestigial one
remains in the supraspinatus region.

NO
Fig. 4 Same patient one year later.
Calcification has reappeared, patient
presents with a moderately painful
should er.

..

'..

bm

Fig. 5 Scanning electron m icroscopy. Bar 5 in. One globule-like structure is
seen here in situ in section of a tendon sheath calcification, appearing like a stone
engulfed in mortar.
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allowed the identification of the
material.4 Recent studies by our group
have also isolated another compound,
unidentified so far, which is different
from stoichiometric apatite, and could
be the result rather than the cause of
the inflammation.2'
The usual specimens obtained at
operation consist of a gritty mass of
sandy material or a toothpaste-like
fluid. These have been recognised
since Codman first described the
calcifications, and in 1934 the deposits
were described as 'a white amorphous
mass composed of many small round
or ovoid bodies'.6 Microscopically, at
low magnification, calcifications
appear as shiny amorphous coins (in a
liquid phase).4
Physical studies first used x-ray
diffraction then infrared spectrometry.
McCarty et al.4 and Thompson et al.5
identified an apatite compound by
x-ray diffraction, and infrared
spectrometry showed that it was a
carbonated apatite.22 This has been
confirmed by other physical means
such as thermogravimetry.22 Our
results are similar but it should be
noted that all these methods consider
the material as a whole and do not
allow definition of individual particles.
Scanning electron microscopy
allowed us to have a closer look at the
external aspect of deposits24-25; we
observed an extremely heterogeneous
material, composed of globular bodies
looking like large rocky bulks engulfed

in mortar (Fig. 5). Study of individual
crystals needed even more
sophisticated means. Transmission
electron microscopy (TEM) allows the
visualisation, on ultrathin sections, of
dense globular structures among
numerous isolated or clumped crystals
(Fig. 6). Individual crystals may be
seen in high resolution transmission
electron microscopy. The crystals are
much larger than classic apatite crystals, such as those observed in bone or
dental enamel; some ofthem appear as
homogeneous hexagons, the width and
thickness of which can be measured.
The parameters differ from one
patient to another. Some of them have
clear cut edges, while others seem to
possess some sort of coating; defects
can also be seen in several crystals

(Fig. 7).

carbonate apatite,26" but the great
heterogeneity of the material is a new
feature that may open new fields of
research. The differences observed
between patients also deserves study.
The exact location of deposits is not
well elucidated, but Welfling describes
some as intratendinous and some

superficial.9
Sandstrom described necrosis
interpreted as being secondary to
'local anaemia and vascular changes',
which favoured deposition of
calcifying material.7 Uhthoff's group
favour an active mechanism of
calcification, with an initial cartilage
degeneration of the tendon followed
by calcification of the transformed
tissue.'` They describe four stages in
the calcifying process: precalcific
phase; calcific phase; resorptic phase;
and repair phase. These four patterns
may occur concomitantly in an
individual patient. This hypothesis
would explain the heterogeneity and
pleomorphic nature of the lesions, but
the so-called 'resorptive phase' seems
arguable, particularly because of the
very small number of cells observed.
Using TEM, the same group studied
the ultrastructural localisation of
calcium in tendinitis. They found it in
matrix vesicle-like structures seen
either singly among collagen or in

Interplanar spacings may sometimes
be measured, and are consistent with
these parameters in stoichiometric
hydroxyapatite. These isolated
crystals are, however, different from
the globular material. Wavelength
dispersive spectrometry in a scanning
mode gave calcium to phosphorus
molar ratios in both globules and
isolated crystals not statistically
different from control geological
apatites, but similar microanalysis in a
transmission mode provided lower
ratios, with differences between the aggregates.2"2'
inside and outside of globular bodies.
All these techniques identified the Discussion
material of calcific deposits as calcium
New light should soon be shed on
calcification in several aspects: (a)
better identification of the calcifying
processes; (b) more knowledge on
epidemiology; (c) better definition of
the nature of the compounds,
hopefully leading to understanding of
the aetiopathological mechanisms of
the disease.
The identification of deposits has
improved since the features of the
condition have become recognised,
and should be made even easier by
further technical improvements
allowing visualisation of tiny
calcifications. This should help define
the epidemiology and explain
apparent differences in the incidence
and age of onset between France and
Britain. So far, only one
epidemiological study has been
performed in the United States.? The
Fig. 6 Transmission electron microscopy. Bar =5 p.m. Dense globularstructures existence of a possible genetic link
should also be re-evaluated,3' in spite
of various size among scattered isolated crystals.
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diseases such as hyperparathyroidism,
hvpervitaminosis D, collagen vascular
disease, and the milk alkali syndrome.
The exact incidence of other types of
deposits such as pyrophosphate,
reported in tendons by Gerster,2"
should also be examined.
Several aetiopathological schemes
have already been proposed.' 2 7 15 16 35
The classic hypothesis favours a local
and initial necrosis of the tendon.
leading to the deposition of calcified
material. However, some
calcifications obviously occur in the
absence of anv necrotic phenomenon.
A more recent idea, based on
histological and ultrastructural
observations, suggests the occurrence
of an initial cartilage metaplasia of the
tendon, followed by an active
multifocal and cell-mediated calcifying
process. The intracellular or
extracellular site of the first deposit is
not completely clear and requires an
ultrastructural or physical study of

Is

collagen fibres.
Some other mvsterious features

remain for example, why should

.

.........

Fig. 7 High resolution transmission electron microscopy. Bar= 0 01 ,um. Single
hexagonal crystal of apatite presenting a coat on its surface.
ot the negative results of the HLA
studies already published.'6
Associations have been reported
between calcifications and several
diseases: diabetes, thyroid disorders,
and others.3' A metabolic link was also
noted between calcifications, uraemia,
and haemodialysis.32 33 Finally,
Bosworth suspected the influence of
repetitive motion performed in a
professional context.' The relationship
between shoulder use and the
appearance of calcification is not well
documented and should be
re-examined.

The physicochemical findings

in

the

past few years have been rewarding. In
a

recent

review, Legeros brings

many

data favouring a calcium
carbonate/apatite composition for
heterotopic calcifications in man."
Our results, however, made it obvious
that there is a high degree of
heterogeneity in these compounds and
that the answer is probably not that
simple. Every possible analytical and
microscopical means should be used to
study all types of calcification. It might
be rewarding to compare idiopathic
deposits with those found in other

calcifications be most common around
the supraspinatus tendon? How can
the long-lasting tolerance of some
deposits be explained, while others
lead to acute crisis? What is the
initiating mechanism in these acute
episodes? Does it involve a
modification of the physicochemical
structure of the material or a change in
its microenvironment? How is it that
some pathological, and eventually
painful, deposits disappear
spontaneously?
Experimental models aid
understanding of some of these
problems. For instance, synthetic
apatite crystals and/or natural apatites
have phlogistic properties in
inflammation models.: "- A thorough
study of the macrophage in such
models might help us to understand
how calcified material can disappear.
This could also be elucidated by
metabolic studies if a dissolution
process takes place in these
phenomena.
More sophisticated models are
obviously necessary, if not to explain
all the mysterious events of this
syndrome, at least to define new
preventive or curative treatments, or
both. Special care should, however, be
taken in extrapolating such results to
human disease,39- 42 mainly because, to
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knowledge, no similar disease is
described in veterinary publications,
implying that metabolic pathways may
be very different in man and in
animals.
our
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Introduction
The role of apatite crystals in calcific
periarthritis is well recognised.1-5 For
many years, however, intra-articular
apatites were not thought to play any
part in joint disease. They were
identified in only a small percentage of
menisci examined grossly and by x-ray
diffraction by McCarty et al. in 1966.6
In 1975-7 we7' and Dieppe et al.'
using electron microscopy and
elemental analysis on joint fluids
found apatite crystals in various
situations including acute otherwise
unexplained arthritis. We review our
findings since that time.
Methods for crystal identification

Techniques used to identify apatite
crystals in synovial fluids have varied
in different series and may affect the
importance of the findings. Sensitivity

and specificity of most technicques have
not been fully defined. Regiular light
microscopy may allow visualiisation of
larger clumps of apatite crrystals as
glossy, slightly irregular glob ules from
2-10,um in diameter (Fig. 1 ). Only a
few of such aggregaltes are
birefringent.' Stains for calccium and
phosphorus such as Von Koissa's and
alizarin red stains can hell p further
identify these globules.' NWe have
examined the sensitivity of thie alizarin
red stain and find that it ccan detect
0- 005 ,ug of synthetic apatite in 1 ml of
synovial fluid.' The techniqi ue is still
not totally specific and is used only as a
screening test.
Scanning electron mic:roscopy
(SEM) can also identify clunips of the
same shape1" and allows electron
probe elemental analysis, whiich shows
not only whether calciium and
phosphorus are present Ibut also
whether their approximate rratios are

E

close to the 1 67:1

expected with well

crystallised apatite.
Transmission electron microscopy
allows identification of the tiny thin
50-250A diameter needles within the
clumps that are typical of apatite.' This
technique may be used on small
amounts of fluid and also on either thin
sections or synovial fluid dried onto
formvar coated grids.11 Used on synovial
fluid the technique detects down
to at least 0-002 mg/ml of apatite and
avoids possible artefacts of chemical
fixation. Examination of thin sections
also allows demonstration of whether
and by which cells crystal clumps are
phagocytised. This may obviously be
important for the phlogistic
significance of the apatite. Elements
may also be analysed as with SEM.
Electron diffraction patterns can also
be made for comparison with known
standards, but the problems and value
of this have not yet been worked out.
When large amounts of suspected
apatite are present x-ray diffraction is
generally accepted as the definitive
method of analysis, although small
amounts of certain crystals may be
missed when mixed with other
predominant crystals. A semi-

quantitative screening technique

,04|

1t

.-- w.
^.$
8.#

for apatite using 14C disodium
etidronate binding is also being
studied.12 Intracellular crystals might
be missed with this method. Infrared
spectrophotometry has been used to
supplement findings with other
techniques1" and with the use of
Fournier transform may allow
detection of small amounts of crystals
mixed in with other predominant ones.

'.

..F
0
..:.

Fig. 1 Lightmicroscopical viewof irregularclumpsofapatite crystals (arrows) in
synovial fluid. Note erythrocytes (E) and neutrophils (N) for size comparison.

Apatite in joints

Apatite has been described in knees,
shoulders, hips, wrists, first
carpometacarpal joints, metacarpophalangeal, proximal and
distal interphalangeal joints, and
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metatarsophalangeal joints including
the 1st.5 89 13 We have studied a total
of 104 patients in whom apatite was
found by transmission electron
microscopy and find a similar
distribution of joints containing these
crystals. Cases reported have generally
been from studies of specific diseases
or selected by referral so the incidence
of identifiable apatite in the general
population remains unclear.
Women seem to be affected more
often than men,5 and we know of no
reports in children except in
association with collagen disease. Our
study included 58 women and 46 men;
there was a high incidence of elderly
patients because we included 44
patients from a study of osteoarthritis,
the youngest patient was 36 years old.

.5..
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CLINICAL PRESENTATIONS

Otherwise unexplained acute
inflammatory arthritis with joint
effusions containing apatite has been
reported by Fam et al., Dieppe et al.,
and our group at knees, wrists, hips,
proximal interphalangeal joints,
metacarpophalangeal joints, and first
metatarsophalangeal joints' 8 9 and
may well occasionally occur at any
joints where crystals can deposit.
Some patients have had multiple
attacks and have also occasionally had
calcific periarthritis. Attacks may
resolve without treatment; some
progress to chronic erosive arthritis."3
Synovial fluid leucocyte counts in
clinically acutely inflamed joints have
ranged from 1 8-84 x 109/P5 9
Neutrophils have ranged from 27%YO to
90% with a predominance in acute
cases. Crystals may be seen to be
phagocytised by synovial fluid
neutrophils and mononuclear cells

(Fig. 2).8

Most recent studies have also
identified apatite crystals in some joint
effusions without any dramatic
evidence of inflammation.8 9 18 14 15
Many such joints have had
osteoarthritis, but the real incidence of
apatite deposition in osteoarthritis and
how often it occurs early in still grossly
normal cartilage is not yet known. We
found apatite in 44 of 100
osteoarthritic effusions after
examining just one grid on each by
transmission EM.'5 Dieppe et al.
found apatite in 9 out of 34 unselected
osteoarthritic fluids with scanning
electron microscopy (SEM).6 Using

Fig. 2 A clump of tiny crystals proved to be apatite by elemental analysis lie in a
vacuole of a synovial fluid mononuclear cell. Electron micrograph x20 000
(original magnification).
TEM Ali found apatite more often in
osteoarthritic than other cartilages but
did not describe incidence.'7 Even in
osteoarthritis with 'non-inflammatory'
joint effusions apatite has been
phagocytised by synovial lining cells
that might release proteases and
collagenase and be a major factor in
progressive joint damage."3
RADIOGRAPHIC FINDINGS

Joints with acute or subacute
apatite-associated arthritis may show
calcification in the synovial space (Fig.
3).' The linear cartilage or meniscal
calcification seen with CPPD is not
expected. Some x-ray films show no
calcification despite later
demonstration of large amounts of
apatite. In fact, only 21 of our 104
patients had obviousx-ray evidence of
calcification. Patients may also have
periarticular calcifications at the
symptomatic site or elsewhere.
Erosive arthritis may develop'" '8 and
changes of osteoarthritis may be

present.'4

In patients with clinical
osteoarthritis the severity of
radiographic changes of osteoarthritis
tends to correlate with the incidence of
apatite deposition.

Apatite associated with other diseases

Apatite crystals have been found in a
high percentage of specimens of
synovial fluid or cartilage from
patients known also to have CPPD
deposition. 420-22 Either or both
crystals may be phagocytosed; in our
still limited experience CPPD seems
more often to be intracellular.
Other diseases that have been
associated with clinically significant
apatite arthritis include scleroderma,
dermatomyositis, and systemic lupus
erythematosus" ; renal failure treated
by haemodialysis;l 19 and possibly high
dose vitamin D treatment.26 Apatite
also occurs in other joint diseases,
presumably as a secondary
complication. We found apatite in 8
out of 32 effusions from joints with
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Characteristics of crystals
It is impressive that there is
tremendous morphological variation
among apparent apatites we have
found in joints. Crystals may be almost
punctate, (Fig. 2), rods or thicker
'boat-like' structures, (Fig. 4) or long
needles (Fig. 5); they may be densely
or loosely packed, and larger crystals
may have the suggestion of an internal

high magnification.
Crystals may be rare or profuse
enough to make the fluid milky. Rare
clumps may obviously have different
clinical significance than massive
amounts. Crystals are frequently
phagocytosed (Fig. 6) but seem most
often to be ingested by mononuclear
cells rather than polymorphonuclear
neutrophils. Elemental analysis also
structure at

shows

some variation with some
apparent apatite having Ca:P ratios
well below the expected 1 67:1,

suggesting the presence of some
amorphous or poorly crystallised salts.

Substitution of chloride and carbonate
in apatite also varies. As yet we know
of no good correlation of elemental
analysis findings with crystal

Fig. 3 X-ray films ofhand, showing apatite deposits best in the joint space of the
fifth metacarpophalangeal joint and the capsule of the second
metacarpophalangeal joint. This patient had a history of recurrent acute arthritis
that evolved into erosive arthritis.
rheumatoid arthritis; the crystals
correlated with the severity of
secondary osteoarthritis.27 In certain
cases acute dramatic inflammation in a
single joint may be induced by crystals

rather than by the underlying
rheumatoid arthritis. Table 1 shows
diagnoses other than osteoarthritis in
our 104 patients with apatite
deposition.

Table 1 Associated diseases other than osteoarthritis in 104 patients with
intra-articular apatite crystals
Diseases

No of patients

Dermatomyositis, scleroderma
Renal failure on dialysis
Oxalate deposition
Hypothyroidism

6
10
1
3
3
1
2
22
5
10

Haemochromatosis
Osteochondromatosis

Acromegaly
CPPD deposition
Gout
Rheumatoid or psoriatic arthritis
Temporal arteritis with aseptic necrosis

I

morphology.
Apatite was most often detected in
synovial fluid because of its
accessibility and from knees rather
than other joints for the same reason.
Arms, including finger joints, wrists,
elbows, and shoulders seemed
involved more often than the legs in

patients with collagen-vascular disease
or those undergoing renal dialysis.
Apatite was seen in surgical specimens
of cartilage either as round clumps
near to chondrocytes (but not clearly
in matrix vesicles) or as irregular

masses on the surface or in the
interstitium. Apatite in synovium was

frequently phagocytosed or enfolded
by synovial cell processes.
Mechanisms involved in apatite

deposition disease

The ability of apatite to induce acute
inflammation in joints has been shown
by intra-articular injection into the
knees of dogs using the same model as
that used for urate and CPPD crystals.8
Apatite has also produced
inflammation at other sites-for
example, the pleural space and
subcutaneous tissue'°-after
experimental injection. Apatite is not
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Fig. 4 Rod and 'boat-like' apatite crystals. Some foamy internal strructur canbe
high magnification. Electron micrograph x125 000 (origin al

seen at

magnification).

possibility that other materials, including fibronectin, osteonectin enzymes,
and complement, are present should
also be considered. As previously suggested with urate crystals,' substances
adhering to crystals could encourage
or inhibit inflammation. Effects could
even vary depending on other cellular
and humoral aspects of the joint.
Complement may be activated by apatite as well as by other crystals.3'
Apatite almost certainly appears in
joints by different mehanisms. In some
cases (as with CPPD) it is thought to be
a result of degenerative changes in
cartilage and to deposit first in
cartilage.'7 In other examples,
especially when associated with
migratory calcific periarthritis at other
sites, it probably deposits outside
cartilage due to the still unknown
systemic factors that seem to cause
most such calcific periarthritis.
Phosphate excess or other features of
renal failure and haemodialysis seem
to contribute to some cases.'9 Serum
and synovial fluid calcium and

phosphate concentrations have been
normal in most cases. Occasionally
apatite is seen to have risen from

fragments of bone released into
severely destroyed joints.
Apatite deposition in articular
cartilage occurs spontaneously in
aging rabbits or after administration of
vitamin D; synovial calcification with
apatite can be induced by
intra-articular calciphylaxis.3' In
neither of these established types of
experimental apatite calcification has
acute inflammation occurred. Long
term studies are still needed to
determine if osteoarthritis evolves or if
various modifications can produce
attacks of acute arthritis.
Treatment
Acute inflammation associated with

apatite deposition generally seems to

ith ferritin

Fig. 5 Long needle-like apatite crystals from joint fluid stained w
conjugated antibody to IgG demonstrating binding of this immuno)globulin
x80 000
labelled by ferritin particles (arrows) to clump. Electron micro graj
(original magnification).

ph

always associated with detectable
inflammation (the same is true of urate
and CPPD28 29) and the reasons for this
require study.
In TEM sections finely granular
material is generally associated with
the synovial fluid crystals (Fig. 6)8 and

with most clumps of crystals
embedded in synovium or superficial
cartilage. Prelimina ry immunoelectron microscopical studies in our
laboratory show th at immunoglobulins are at least oine component
of this granular materia (Fig. 5). The

to treatment with
indomethacin, other non-steroidal
agents, or colchicine.' Aspirin has

respond

been ineffective in some cases.

Intra-articular depot corticosteroids
have also appeared to be helpful.' We
have no personal experience with
measures to prevent or decrease
apatite deposition. Disodium
etidronate has been reported to
decrease calcinosis but with chronic
use may also effect bone
mineralisation.32 In patients with
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Fig. 6 Apatite crystals embedded iet electron dense material in a vacuole of
synovial fluid mononuclear cell. Electron micrograph x32 000 (original
tnagnification).
abnormal calcium or phosphorus
metabolism as, for example, occurs in
many of those with renal failure, better
control of phosphorus concentrations
may decrease apatite deposits. Some
calcinosis in or around joints has also
been reported to resolve
spontaneously. In one patient of ours
with a scleroderma-like disease apatite
deposits in finger joints resolved when
joints gradually stitfened with
progressive skin disease .2
Indomethacin was thought to decrease
para-articular ectopic ossification in
three cases after total hip
arthroplasty.33 Neither this nor other
possible ways of decreasing calcinosis
have been adequately and
systematically evaluated.
Other calcium-containing crystals
Other calcium-containing crystals
have been described in intra-articular
sites. Brushite (CaHPO4 2HlO) has
been reported in small amounts of
uncertain clinical importance and

a

usually in association with CPPD."4
Whitlockite and octacalcium
phosphate may also occur in diseased
joints along with apatite. {'
Recently, we have found calcium
oxalate crystals in synovial effusions in
three patients undergoing haemodialysis for chronic renal failure.37 In
one patient x-ray films showed finger
calcifications similar to those seen with
apatite and knee chondrocalcinosis
like that seen with CPPD deposition.
Detailed analyses at necropsy revealed
massive oxalate deposits and no
CPPD. The list of crystals identifiable
in joints is almost certainly not yet
complete. We and others have seen
other unidentified birefringent or
electron dense material that is still
under evaluation.
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Laboratory handling of crystals
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Introduction
1 he three main phases of matter are
solid. liquid, and gas. Most solids are
crystalline. Crystals are characterised
by their ordered arrangement of
molecules; each unit takes up the most
stable position possible in relation to
its neighbours, resulting in repetition
of the three-dimensional structure
throughout the substance-that is,
internal symmetry. Internal symmetry
results in predictable effects on
transmitted electromagnetic rays,
which aids identification of crystals
and may give the particles colour and
sparkle. The close packing of the
molecules confers hardness and
stability. Crystals are often thought of
as solid, inert, ageless particles,
impervious to physical force.
Crystals found in joint tissue form
in vitro' via a phase change-from
liquid to solid. Their formation and
dissolution can often be affected by

minor changes in physiological
conditions because the solute
concentrations are in the metastable
region-that is, above saturation
point, but below that at which crystal
forniation is inevitable. Biological
crystals are usually small (less than 20
,m long), and therefore have a high
surface area to weight ratio. This
means that dissolution can occur
rapidly. Their large surfaces are often
charged or exhibit atomic roughness
and 'dangling bonds"--that is,
component atoms stick out from the
surface. These surface properties may
result in attachment of various other
substances found in joint tissue or in
the laboratory. Crystals related to
joint disease are therefore far from
being inert and stable. They can form
and dissolve rapidly (dissolution is
generally easier and faster than
crystallisation) and attract other things
to their surfaces. They are also

Correspondence to: Dr P A Dieppe.

susceptible to many physical forces
applied during laboratory procedures.
Precautions have to be taken in the
handling of specimens from joint and
of those made in the laboratory if
artefacts and false results are to be
avoided.

Crystals in specimens of joint tissue or
fluid

Examination of synovial fluids and
tissue samples for crystals is now a
routine diagnostic procedure. The
report-crystals 'present' or
'absent'-is usually regarded as
definitive. However, both false
positive and false negative results may
occur for a variety of reasons (Table
1).
SE NOVIAL FLUID

Aspiration of synovial fluid involves
passing a needle through skin,
subcutaneous tissue, joint capsule, and

Table 1 Some causes offalse positive
and false negative reslults wheni s yno vial
fluids are examieled for the presence of
crvstals
False positive:
(1) Joint puncture introduces crystals
into fluid from previously stable
tissue deposit
(2) Crystals form in the fluid after
aspiration due to changes in
temperature or pH
(3) Non-crystalline material or
contaminants mistaken for joint
crystals
False negative:
(1) Sampling error, or crystals not seen
due to poor technique
(2) Dissolution of crystals after
aspiration
(3) Crystals too small to be seen by light
microscopy

sy'novium; it may strike the cartilage.
Crystals could be dislodged from any
of these sites during the procedure and
seen in the fluid when they were not
there before aspiration.
Once the fluid is out of the joint it
changes; this may result in formation
or dissolution of crystals. The two most
important factors are probably the pH
and temperature of the fluid.
Temperature changes are
particularly important in urate
crystallisation. Reardon and Scott have
reported that raising synovial fluid
temperatures from 32°C to 37°C
reduces crystal concentration-a
finding that may have relevance to the
gout attack in vivo, as well as to crystal
identification in vitro.' Other authors
have reported an increased yield of
'positive results' if synovial fluids are
cooled.2 This is hardly surprising in
views of the rapid decrease in solubilitv
as temperature falls. Recent reports of
urate crystals in asymptomatic joints'
should be viewed critically, and results
mav, not be valid if fluids have been
stored in the cold before examination.
Changes in pH are produced by loss
of CO2 after fluid aspiration. This may'
be reduced by covering samples with
oil to avoid contact with the air. The
increase in pH could favour
crystallisation of various calcium
phosphates, and we have observed in
vitro formation of brushite crystals in
fluids left to stand on the bench for 48
hours. Crystals which form after fluid
aspiration may take on a star-shaped

configuration (Fig. 1). Changes in pH
also affect urate solubility; correction
of gouty synovial fluid pH to 7-4 has
been reported to result in increased
crystal formation.4
Alterations in the crystal load after
fluid aspiration may help explain the
lack of correlation between crystal
numbers and inflammation, and the
occasional false positive or false
negative result. Care must be taken in
handling fluids, and early examination
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Fig. 1. Crystals formed in synovial
fluid left for 48 hours on laboratory
bench. Initial examination gave
negative results. Note star-shaped
clusters ofcrystals which formed in
vitro. They contained calcium and
phosphate and were probably brushite.
Polarised light microscopy x 100
(original magnification).
with minimisation of pH and
temperature changes is recommended.
CELLS AND TISSUE SAMPLES

Crystal phagocytosis is regarded as a
central factor in the inflammatory
response to particles (P Platt and W C
Dick, p. 4). Uptake of crystals is
often reported on specimens examined
by light microscopy for diagnostic
purposes, and has been afforded some
significance. In our experience it is
almost impossible to differentiate
between cells with crystals attached to
their surface and those with crystals
inside them. Examination by scanning
electron microscopy (SEM) and thick
section scanning transmission electron
microscopy (STEM) suggests that
attachment without internalisation is
common.

Tissue samples (usually synovial
biopsy specimens) need careful
handling to preserve crystal deposits.
Fixatives and stains should be buffered
to avoid crystal dissolution due to pH
changes. Tissue sectioning may result
in crystals dropping out of the sample;
this is particularly common in thin
sectioning for electron microscopy.
Many of the published data include
photographs showing holes where
crystals might once have been (Fig. 2).
Thick sectioning and high voltage EM
can reduce this difficulty.5
The increasing use of the electron
microscope to study crystal deposition
diseases has highlighted two other
problems: (a) sampling errors are a
major problem, as only a tiny piece of
tissue can be examined, and crystal

Fig. 2 Transmission electron
micrograph ofphagocyte with a cleft in
cell. This is typical ofpublished pictures
ofcrystal-cell interactions. A crystal
may have occupied the cleft and fallen
out during thin sectioning of the
sample. It is impossible to say what
principle (if any) was there. Thick
sectioning techniques sometimes
overcome this problem. Transmission
electron microscopy x 1500 (original
magnification).

deposits are often patchy; (b) the
variability in the morphology and
types of crystal sometimes found in a
single specimen presents difficulties in
identification. Heterogeneity in crystal
deposits makes confident statements
about the species and size of crystal
found in a sample seem naive.
Crystals used for experimental work
It is difficult to extract large quantities
of a pure crystalline preparation from
biological samples. Processes required
to remove organic material may ruin
the crystals, and yields are generally
small. Most experimental work
therefore uses crystals manufactured
in vitro.
In most laboratories (including
ours) a variety of techniques have been
applied to the preparations in order to
obtain a batch of sterile particles of the
right size and in a form that is easy to
use. Many of these techniques are now
known to alter the crystals, thereby
invalidating many of the published
data on the biological effects of
crystals. Crystals age and are
susceptible to heating and grinding;
they also 'pick up' extraneous matter
from the environment, changing their
active surfaces. Furthermore, no two
batches are ever quite the same.

Van Armen suggested that
crystal-induced inflammation might be
mediated by attachment of bacterial
pyrogens to the surface.6 Most workers
have therefore heated crystal
preparations to remove pyrogen
(usually to about 1 80°C for three
hours). Most of the crystals in question
are hydrated, and there is extensive
evidence to show that the water of
crystallisation is lost, and that the
crystal lattice and surface charge are
both altered extensively by heating.7 8
It has recently been shown that
bacterial lipopolysaccharide coating
needs to be very extensive to alter
crystal reactivity. If care is taken to
avoid contamination, heating is
probably unnecessary.9
GRINDING

Grinding crystals to reduce their size
also alters their inflammatory
potential. This is probably related to
the change in surface charge which
also occurs on grinding (Table 2). The
mechanism for this is unclear.
AGING OF CRYSTAL
PREPARATIONS

We have regularly observed a change
with time in the biological activity of a
batch of crystals. Preparations of
monosodium urate monohydrate
usually lose their phlogistic activity
slowly over a period of months.
Brushite appears to be particularly
susceptible to aging, and some of its
cellular effects increase strikingly with
age (Fig. 3). Crystal lattices and
surfaces may change slowly, phase
transitions may occur-that is, change
from one type of crystal to
another-and the crystal surfaces may
pick up contaminants in the
laboratory. This aging phenomenon
deserves more investigation, and
means that great care must be used to
obtain fresh 'age matched' samples for
any comparative work.
BATCH VARIATION

Comparisons cannot be made if two
different crystal preparations are used,
because the activity of different
batches of the same crystal is never
identical. Thus preparations of urate
crystals made in the same way on
different days may look the same and
have the same characteristics on
analytical screening, but may affect
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Previous incubation of crystals with a
protein may result in attachment of
the protein to the crystal, and a shift
of the charge property towards that of
the protein. The strength of the
attachment may be assessed by
washing the samples. We have recently
shown that Fab fragments of IgG
attach to urate crystals, inhibiting
membranolysis"4 (Fig. 4). This
provides a possible mechanism of self
limitation of gouty inflammation (via
cleavage of IgG to Fc and Fab
fragments; the more positively
charged Fab fragment attaches to the
crystal, masking its active surface, and
inhibiting its activity and ability to
interact with Fc receptors). Histone is
another protein avidly picked up by
urate crystals (Fig. 5). The affinity of
the particles for minute quantities of
the protein illustrates the potential for
laboratory contamination of crystals.
The charge shift may also provide data

Duration of storage (hours)

Fig. 3 Effect ofstoring brushite
crystals on their ability to lyse red cell
membranes. Fresh brushite caused
20% haemolysis after four hours'
incubation of crystals and red cells at
3 70C. Same preparation caused 80%
haemolysis after three months' storage
in laboratory. This is a striking example
of effect of aging on crystal reactivity.
Most other particles slowly lose activity
with age.

biological systems differently. Minor
changes in size, available surface area,
and surface characteristics probably
account for this.
Examination of most of the
published reports on crystal-induced
inflammation shows that samples
have usually been heated or ground or
both and precautions to avoid batch
variation and aging have hardly ever
been taken. Different results from
different centres are therefore easy to
explain. More importantly, much of
the work and many of the theories
may be invalid.
The two factors that may be most
important in determining the activity
of a crystal are probably the available
surface area, and surface
contamination.

Experiments on surface area and
surface contamination of crystals

Weight-for-weight comparisons of
crystals are meaningless because of
differences in size and shape, and
therefore of the available surface to
interact with cells and proteins.10
work on
Most
recent
crystal-induced inflammation has
emphasised the role of absorbed
proteins to crystal surfaces, especially
IgG absorption resulting in Fc

Fig. 4 Electrophoresis of
monosodium urate monohydrate
crystals before and after incubation
with Fab fragments of human IgG.
Initial reading (top) shows that crystals
are travelling rapidly to positive pole of
an electrical field. After being coated
with Fab fragments, mobility is much
reduced (bottom). This reduction in
mobility-that is, charge-may be
reversed by washing protein offcrystal.
Fab-coated crystals have a reduced
capacity to lyse red cell membranes
(Measurements recorded on laser
Doppler shift-axis represents the
amount ofshift and thus crystal
mobility).
receptor activation on cells and
complement activation.'1 12
We have examined the surface
properties of crystals and the changes
with protein coating by measuring
electrophoretic mobility using a laser
Doppler shift technique described
elsewhere.'3 This may provide further
understanding of contamination of the
crystal surface and allow comparisons
of the surface area and affinity of
crystals for proteins.
Crystals are suspended in a balanced
salt solution. A current is applied and
the shift to negative or positive pole
can be measured. Most biological
crystals shift to the positive pole (they
have a negative charge property).

on the available surface area.
It may be concluded from the data
presented that crystals can attract a
variety of proteins, that small
quantities of surface contaminant can
change their surface charge and

biological activity, and that
electrophoretic mobility can be used to
investigate the available surface area
of a particle. (Further experiments are
under way, and full details of the
methods used and data obtained are in
preparation for publication

elsewhere).

Su,rtoce charge of ura1e

Fig. 5 Electrophoretic mobility of
urate crystals incubated in medium
containing varying concentrations of
histone. Note low concentration of
protein required to shift charge
property, and saturation of crystals
negatively charged sites at a
concentration of about 0 01 mg/ml.
Minute amounts of protein can be
shown to attach to, and change, crystal
surfaces in this way. Shape ofcurve is a
guide to affinity and active surface area

of crystal.
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Conclusions
(1) False positive and false negative
results may occur when synovial fluids
and tissue samples are examined for
the presence of crystals. These errors
may be minimised by careful handling
of the samples.
(2) Many of the techniques used in
the handling of crystals in the
laboratory alter the surface of the
particle and affect its biological
activity. This factor has not been
accounted for in most experiments on
crystal-induced inflammation, and it
invalidates much of the published
work.
(3) Quantitative assessment of the
affinity of crystals for proteins may be
used to assess the surface area of
biological significance.
We would like to thank the Arthritis and
Rheumatism Council for financial support.
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Polarised light microscopy: principles and practice for
the rheumatologist
J CHAYEN
From the Division of Cellular Biology, Kennedy Institute of Rheumatology, Hammersmith, London W6 7DW

Polarised light microscopy is used to
detect and measure matter (in fluids,
tissues, or cells) that has crystalline or
crystalline-like properties. Because
light has electromagnetic properties, it
can be influenced by the
electromagnetic properties of material
through .which it passes. In many
materials this influence is equal in
whatever direction the light is
vibrating. But crystalline material
specifically influences the speed of
light that passes either along or across
it. Variation in the speed of light in one
or other direction cannot be detected
with normal illumination, in which the
light is vibrating in all directions
perpendicular to the light path, but
only with plane-polarised light-that
is, with light in which all the vibrations
have been filtered out except for one
direction.

Birefringence and refractive index
The speed with which plane-polarised
light moves in a material is measured
by the refractive index of that
material-that is, refractive
index=velocity of light in air/velocity
of light in the material.
Crystals in particular have three
optical axes. These usually correspond
to the length, breadth, and depth of the
material. In microscopical
examination we are mainly concerned
with only the first two of these
dimensions. For most materials the
refractive index in one direction-for
example, along the length of the
material-is the same as in any other
direction. Such materials are isotropic.
However, the refractive index along
the length of most types of crystals is
different from that in one or both other
axes-that is, light passes more rapidly
or less rapidly when vibrating along
the long axis than when vibrating along
the shorter axis. Such material is

anisotropic and shows the property of
birefringence-that is, two refractive
indices. Thus birefringence is defined
as the difference between the
refractive index measured with light
parallel to the long axis ( ) and with
light vibrating perpendicular to the
long axis (rn)-that is, n1j -n, . But what
we actually measure with the
polarising microscope is the optical
in
our
difference
path
material-namely, the interaction of
both refractive indices that causes a
change in the velocity of the light; this
is influenced by the thickness (t) of the
specimen.
Optical path difference=(njj-nL)t
or birefringence=optical path
difference/thickness.
Consequently, although the
birefringence of a material is a physical
constant for that material, a thicker
crystal will appear brighter than a
thinner crystal of the same material
because what we observe is the optical
path difference and this is affected by
thickness.
nd

TYPES OF BIREFRINGENCE
There are three main types

of
birefringence.
(1) Intrinsic or crystalline
birefringence-This is determined by
the chemical structure of the materiaL
especially when the material assumes a
crystalline form. Because it depends
directly on the electromagnetic
characteristics of the material, it is not
related basically to the medium in
which the material occurs or in which it
is mounted for examination.
( 2) Form or textural

birefringence-Structures such

as

collagen fibres which contain oriented
elongated submicroscopic particles
show form birefringence even if these
particles have little, or perhaps no,
intrinsic birefringence. This form of
birefringence depends on the different

velocity of light in the array of particles
(or fibrils) and the velocity in the
material in which they are mounted.
Consequently, this type of
birefringence is dependent on the
refractive index of the mounting
medium; it may be differentiated from
crystalline birefringence on this basis.
or
flow
Strain
(3)
birefringence-Certain materials that
are virtually non-birefringent may
become birefringent if they are made
to flow along a constricted pathway
that causes the material to become
orientated. To a large extent this is
akin to form birefringence. It is
important to rheumatological
microscopists mainly because the
glass, used for producing the lenses of
a polarising microscope must be free
from strain; otherwise the lenses will
change the vibration of the light so that
the field will never become completely
black.
The polarised light microscope
A polarised light microscope should be
a good optical microscope with
stain-free objectives and with the
following additional components.
(1) The polariser, situated below the
condenser, that can be rotated to give

plane-polarised light vibrating solely
in the east-west (E-W) direction. (In
most microscopes this seems to fit
most closely to the Brewster angle"2).
(2) A rotatable stage, so that the
specimen can be turned to any angle
relative to this E-W direction.
(3) A rotatable analyser set between
the objective and the eyepiece. This is
a polar and transmits light that vibrates
in one direction only. When it is
rotated to the north-south direction
(N-S), no light should be seen in an
empty field. For precise work it is helpful
if this analyser can be turned through
360° (as in the work of Watts et al.').
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(4) A slot, cut at 450 (to the E-W
position) in the microscope tube,
between the objective and the
analyser.
(5) A quartz red plate that may be
inserted into this slot. Its use will be
discussed later.
(6) A X/4 (a quarter wavelength)
plate that may be inserted into the slot
in place of the quartz red plate. It is
used for measuring birefringence
(optical path difference) by S&narmont
compensation.' 2 4
(7) Crossed lines in the eyepiece,
that define the E-W or the 450
position, are also useful.
The objectives should be made of
strain-free glass. They should also be
able to be centred because it is
essential that there is no oblique
illumination that can give rise to
reflections within the microscope
system with consequent depolarisation
of the light beam. For this reason the
diaphragms should be kept to the
minimum size compatible with
adequate illumination. Especially
when dealing with crystals of low

birefringence, such as calcium
pyrophosphate or apatite, it should be
recognised that the intensity of the
light decreases with the square of the
magnification (at constant numerical
aperture) so that low magnification
objectives are to favoured. My
preference is for the following: x 16,
0 32NA; x25, O6NA; and x40;
0 85NA; all able to be centred.
MECHANISM

The theory of polarised light
microscopy can be quite complex.' 2 4
However, a reasonably simple and self
consistent explanation may be given
based on the vector treatment of light

(Fig. 1).

The light passing through the
polariser is plane-polarised so that it
vibrates solely in the E-W direction.
Consequently, it has vectors in the 450
positions, as shown in Fig. 1, but it has
no vector in the N-S direction; thus it
will not pass the analyser, set to the
N-S position, and the field will appear
black.
We now place in the field a
birefringent object in which light
vibrates more rapidly along its long
axis than its short axis. When set to the
450 position it will be maximally
bright. This is because one of the 450
vectors of the E-W light will be

I1
W 4

) E

,--- - - -

a wavelength out of phase, the wave
form of one will be maximally positive
when that of the other is maximally,
and equally, negative. When these
waves are combined they will interfere
to give no light, each cancelling out the
other. This phenomenon of
interference is used in relation to the
quartz red plate, used for defining the
sign of birefringence (as considered

v ' later).

Characteristics of crystals
Fig. 1 Schematic representation of
how a birefringent object (double
rectangle), placed at 450 position,
appears bright under crossed polars.
Polariser (polarising polar), shown asa
triple rectangle, is set to E-W position;
analyser (multiple rectangle) is
crossed-that is, set to N-S position.
Direction oflight is shown by long
arrow. Vectorial representation ofthe
vibration oflight is shown on right of
figure. Vectors are indicated by broken
lines; resultant vibration is shown as a
solid line.
moving along this long (fast) axis. The
other 450 vector will be retarded.
The vibration of the resultant light
will be turned towards the N-S
axis-that is, the object will have
turned the plane of polarisation. This
resultant vibration will now have a
vector that will be in the N-S direction.
This will pass through the analyser that
is set to the N-S direction and the
object will appear bright, with the
background remaining black.
The maximum resolution of the light
microscope is about 0 25 ,um.4 But
here we are not concerned with
resolution so much as with detection,
which is obviously related solely to
how much brighter the object is than
its background. Hence minute
particles or crystals, much smaller than
0 25 ,um diameter, can be detected by
polarised light microscopy, provided
that they are sufficiently birefringent
to make them appear bright, even
though they cannot be resolved.
The theory of polarised light
microscopy involves the interference
between the vectors of the light (or the
ordinary and extraordinary rays). If
you have two vectors, or two rays of
the same light, that are moving slightly
out of phase with one another, the
resultant light will be a combination of
both rays. For example, if they are half

Crystals can be defined on the basis of
the following criteria:
(1) Habit. This includes shape and
dimensions.
(2) Extinction angle. For many
classes of crystals, when the long axis
of the crystal is set to the N-S or E-W
position the crystal shows no
birefringence; it shows maximum
brightness when positioned at 450 to
these axes (for reasons discussed in
relation to Fig. 1). Such a crystal,
which is blackest when set to the N-S
or E-W position shows straight
extinction. Some crystals do not
become darkest at precisely the N-S
position, but at some angle to this
direction. This angle is the extinction
angle and may be related to whether
the three axes of the unit crystal (the
molecular crystal-structure) are
exactly at right angles or not. This
extinction angle can be very useful in
defining the nature of the crystalline
material. For example, needle-like
crystals of monosodium urate
monohydrate, which occur commonly
in gout, extinguish at 120 from the
straight (N-S) position-that is,
they show almost straight
extinction-whereas allopurinol
crystals extinguish at 300 from one of
these axes.
(3) Sign ofbirefringence. This will be
discussed below.
(4) Refractive index, or refractive
indices along the different axes.

(5) Symmetry.
The use of all these factors allows
fairly precise analysis of crystals found
in biopsy specimens. They were used3
to identify crystals of uric acid
dihydrate, monosodium urate
monohydrate,- and anhydrous uric acid
in muscle of patients with gout who
were either untreated or treated with
probenecid; crystals of xanthine,
hypoxanthine and oxipurinol, as well
as the previous three substances, were
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identified in muscle of the patients
who had been treated with allopurinol.
Refractive index and symmetry are
of particular value for such studies but
are not likely to be used in more
rout ine
rhe umatological
examinations; they have been
discussed in detail by Watts et al.3
SIGN OF BIREFRINGENCE

of crystals of calcium pyrophosphate
dihydrate.6
Obviously, if the crystal is rotated to
the NW-SE position, there will be
reversal of colour in the crystal
because now the 'fast' axis will be
parallel to the slow axis of the wedge.
If the slow axis of the crystal is at
right angles to its geometric long
axis-that is, its fast axis is along the
long axis of the crystal-the reverse
pertains:

This is a major parameter for routine
investigations. It defines whether the
optically slow axis is along the long or
the short geometric axis of the crystal.
R total = R plate -R specimen
Thus it allows rapid distinction
between crystals of monosodium urate
In this case the crystal (in the 450
monohydrate and calcium position) decreases the retardation
pyrophosphate dihydrate which, imposed by the plate so that the
especially when engulfed in a wavelength of the interference colour
polymorph, have similar habits.
is decreased: the colour changes from
To determine the sign of the red, imposed by the plate, to
birefringence, the crystal is orientated yellow. Such crystals show negative
with its long axis at the 45° position birefringence, as is characteristic of
that intersects the N-E angle. crystals of monosodium urate
Provided that the crystal shows monohydrate.'
straight extinction (which is virtually
true of both of these types of crystals), POTENTIAL PITFALL
it will appear maximally bright on a A serious problem may be
black background. The quartz red encountered when examining fluids
plate is then inserted into the slot in the for crystals that are expected to have
microscope tube. In this position the very weak birefringence. If no crystals
slow axis of the wedge (marked on the can be discerned in the wet
casing of the wedge as the y-direction) preparation of the fluid, the specimen
is in the south-west to north-east may be dried so that any crystalline
(SW-NE) direction. Thus the long axis materials present can be seen more by
of the crystal is lying along the slow the fact that they scatter light than by
axis of the wedge.
their weak birefringence. However,
The quartz red plate is cut so that the this procedure could permit
vectors (or rays) interfere with one crystallisation of material that was
another to give first order red light in present only in solution in the fluid. To
Newton's scale. Consequently the prove that the crystals seen in the
hitherto black field now appears red. dried preparation could have existed
The interference colours shown by in the original, native fluid, the dried
the crystal will depend on whether the crystalline material must be
geometric long axis corresponds to the remounted, either in some of the
optically slow, or optically fast, axis. original fluid, or at least in a medium of
Thus the retardation of the light (R), identical refractive index. If these
induced by the plate, will either be crystals can still be seen when
further retarded, or less retarded, and remounted but cannot be detected in
this will be reflected in a change in the the native fluid, it must be suspected
Newton's order of colours5:
that their appearance in the dried
preparation is due to crystallisation
R total = R plate + R specimen
during the drying process.
This means4 that the slow axis of the
crystal is along its geometric long axis. Some applications of polarised light
It has added to-that is, microscopy
increased-the retardation of the light
in the SW-NE (450) position, so Following the demonstration of urate
increasing the resultant interference crystals in synovial fluids from gouty
wavelength to give a blue colour. Such joints7 and of a different type of crystal
a crystal is called a positive crystal; it is (now recognised as consisting of calpositively birefringent. This is typical cium pyrophosphate dihydrate) in the

synovial fluid from acutely inflamed
joints in chondrocalcinosis,8 the main
routine use of polarisation microscopy
is the detection of these crystals and
their discrimination; as discussed
above, this is effected simply by
measuring the sign of birefringence.
Pyrophosphate crystals have also been
detected by polarised light in the synovial fluid from some patients with
osteoarthritis9 and shown by histological stains, in tissue from patients with
this condition.'0
Xanthine and hypoxanthine crystals
were found in the muscle from two
patients with xanthinuria;`t the
occurrence of this material was later
confirmed by high resolution mass
spectrometry."2 Various urates and
other crystalline material were
identified by more complex polarised
light analysis3 in the muscle of patients
with gout.

Very recently relatively large
crystals, apparently of hydroxyapatite,
have been found in the bone at the site
of fracture in fractures of the neck of
the femur in the elderly."' It has been
suggested that the change from
microcrystalline to relatively
macrocrystalline hydroxyapatite could
be a factor in the tendency of this bone
to fracture, rather as, analogously,
relatively large crystals may be
involved in fatigue-fractures of metals.
General support from the Arthritis and
Rheumatism Council for Research is
gratefully acknowledged.
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Application of physical methods in the investigations
of crystal-related arthropathies
J. S. SHAH

From the H. H. Wills Physics Laboratory, University of Bristol

Introduction

The application of physical methods to
understanding the role of crystals in
pathogenesis of various arthropathies
can help in two ways. Firstly, in
exploration of the nature of crystalline
deposits-for example, identification
of crystals--and, secondly, in
understanding the very processes of
crystal growth (and dissolution).
The assessment of the crystals
mainly comprises:
(1) Determination of chemical
composition and defects such as
non-stoichiometry and foreign phase
precipitation.
(2) Identification of crystal structure
and determination of crystallographic
parameters.
(3) Visualisation of structural
imperfections.
(4) Examination of morphology for
determination of conditions of crystal
growth. (Finer structural details on a
crystalline surface are often associated
with the growth history of the crystal.)
Physical methods available for
crystal characterisation can be broadly
divided into two categories.
(1) Methods based on the interaction
of crystals with electromagnetic
radiation-for example, visible light,
infrared radiation, x-rays. These are:
(a) polarisation light microscopy; (b)
infrared absorption photometry; (c)
x-ray diffraction methods, including
topographic method; and (d) x-ray
extended absorption free structure

(EXAFS).
(2) Methods based on
material-electron interaction:
(a) transmission electron microscopy
(TEM); (b) scanning transmission
electron microscopy (STEM); (c)
analytical electron microscopyenergy dispersive x-ray analysis
(EDX) and wavelength dispersive
analysis (WDX); and (d) electron
diffraction.

Detailed description of each of the
methods is beyond the scope of this
paper. Here I intend to deal briefly
with the subjects of infrared
absorption spectrometry, x-ray
diffraction, EXAFS, and electron
microscopies, and show how they have
been applied to investigate
arthropathic crystallisation. Where
appropriate, examples of other
biological and non-biological crystals
will be cited.

604020-

Synthetic apatite

C o0-

P60

Methods
40-

INFRARED SPECTROMETRY

Vibrations of molecular bonds in a
material cause characteristic
absorption of the infrared region of the
electromagnetic spectrum. The
absorption for each bond occurs at
specific frequencies, which may reveal
the nature of vibrations and
stereochemistry of the molecular
groups in question. The characteristic
peaks may be used like fingerprints to
determine the presence of different
molecular groups in a substance.
Absorption spectra of apatite and
calcium pyrophosphate crystals are
different. They may be used to detect
the presence or otherwise of the
compounds in arthropathic deposits.
In the case of hydroxyapatite
infrared spectra may yield additional
information on crystallite size. Fig. 1
shows absorption spectra of apatite
from calcific periarthritis. The apatite
is finely divided. Its crystallite size
from line broadening measurements in
x-ray powder diffraction line was
about 50 nm.1 Fig. la shows that the
peaks at 3572 wavelengths/cm are
missing in the range of the human
deposit but are present in that of
synthetic crystals of about 1 ,um.3 The
absence of the above peaks in the
spectrum of the finely divided apatite
is due to the fact that the stretching and
bending modes of OH bonds are

20i2Human deposits
o0
3500

800
600
Wavenumber (/cm)

400

Fig. 1 Infrared spectra of (a) finely
divided apatite from periarthritic
deposits and (b) Durango
hyproxyapatite. Note that peaks at
3572 cm and 620 cm are absent in
spectrum of human deposits.

perturbed by the H bonding of water
to surface OH ions of the apatite.2
Infrared absorption spectrometry
has also been used to show the
presence of CO3 ions in human
deposits but I shall refer to this in
conjunction with the x-ray diffraction
results.
X-RAY DIFFRACTION

Whenever anx-ray beam is incident on
a crystal it is scattered by the atoms in
the crystal. The atoms in the crystals
are arranged in a regular manner with
a definite periodicity, allowing
identification of a series of rows of
planes with a constant interplanner
spacing. Due to this geometry of the
atoms, scattered x-rays, when
superimposed on each other, are
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annulled except in certain directions
where there is a constructive
reinforcement. This phenomena is
called diffraction. The direction of a
diffracted beam can be found by
Bragg's law:
nA=2d sin 6,
where n = order of diffraction (n =
integer) A =wavelength ofx-rays d= interplanar spacing (characteristic of the
crystal lattice) and O=angle of diffraction.
Experimentally, one can use x-rays
of known wavelength A, measure angle
0, and hence determine the
interplanar spacing d. Because
biological crystals are very small one
uses the powder diffraction method. In
practice, powdered specimen is filled
in a thin tube or coated on the surface
of a very thin glass rod (about 1 mm in
diameter) and mounted in a
Debye-Scherrer camera. A film is then
placed in the camera. This surrounds
the specimen to record diffracted
beams as arcs. Such a set of lines is
unique to the crystalline substance in
question and may therefore be used as
the 'fingerprint' of the substance.
From interplanar spacings one can
evaluate lattice constants of the crystal
structure with a great accuracy.
Both hydroxyapatite and calcium
pyrophosphate have an immensely
complex growth system.'`4 Many
different phosphate salts can grow
from the same reaction system.
-Powder diffraction methods,
therefore, are immensely useful in
determining crystal growth conditions
in in vitro systems. Fig. 2 shows
diffractographs of (pyrophosphate)
crystals grown from solution and gel
and that of a deposit from articular
cartilage. From these patterns it was
deduced that other compounds such as
calcium pyrophosphate tetrahydrate
(CPP') can grow in in vitro systems.
Pathological deposits have been
shown to contain only the mixture of
monoclinic and triclinic phases of
calcium pyrophosphate dihydrate
(CPPD). Because of the fingerprint
nature of diffraction lines it is possible
to detect as little as 0- 1% weight of the
calcium phosphate in another.
Careful determination of lattice
parameters allows detection of foreign
atoms (impurity) incorporated into the
host lattice. Several ions such as F CR
C03 may be accommodated
substitutionally, in hydroxyapatite

~~,Wjrwm

Fig. 2 X-ray powder diffractographs ofpyrophosphates: (a) grown from solution
(b) grown in gelatin gel, and (c) found on cartilage surface.
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Table 1 Lattice parameters ofapatite from particular deposits from three patients
Sources of apatite

Lattice parameters (A)

Case 1
Case 2
Calcergy (at one week)
Durango hydroxyapatite

Fluorapatite
Carbon apatite (7% weight CQ)

'a'

Ic,

9-37
9-38
9-38
9-42
9 37
9 38

6-88
6-87
6-88
6-88
6-88
6-89

APPLICATION OF SYNCHROTRON
X RADIATION

Intensities of diffracted beams are very
small. In a laboratory, therefore, with
normal x-ray tube sources it requires
about 48 hours to obtain a powder
diffraction pattern of a

well-crystallised specimen-which
contains a few tens of milligrams. It is
therefore often impossible to obtain a

Accuracy of lattice parameters is + 0-01 .

lattice. Such substitution normally
alters the lattice parameters of a
crystal by small amounts. Table 1 lists
the lattice parameters of the apatite
from particular deposits of three
patients, simple calcergy at one week'

(Harries

et

al.,

p.

102) Durango,

fluorapatite and carbon apatite. The
'a' lattice parameter of the human and
calcergy deposits is consistently
smaller than that of hydroxyapatite,
and similar to those of both carbon
apatite and fluorapatite. F-l and/or
CO.V ions could therefore be present
in the above crystals, but no fluorine
was found by modified Diggens and
Rosse method (1981). Infrared
spectra (Fig. 3) of all the deposits show
peaks at 1460 cm, 1415 cm, and 869
cm. These bands appear in the spectra
of synthetic carbon apatites.5 6 It is
therefore apparent that the in vivo
deposits contain carbon apatite. The
amount of CO3? content can in fact be

estimated from the lattice parameter
measurements. LeGeros has shown
that 'a' parameter of the
hydroxyapatite cell decreases linearly
with increasing CO3> concentration in
the range 0-24% weight.7 On this
basis human deposits we examined

deposits cannot be easily determined
by the existing data on infrared
absorption and lattice parameter.

contain

CO3: in the

8-9 %
weight. This finding raises question
regarding the source of CO'
incorporation in in vivo mechanisms of
arthropathic apatite growth.
The mode of carbonate substitution
into biological apatite remains
controversial.5 The controversy
range

centres around the site of CQ3,
substitution in the hydroxyapatite
lattice. From electron spin resonance
and the infrared studies of
'3C-enriched apatites Doi et al.
concluded that CO' ions are
substituted at POr sites.6 LeGeros
also reached this conclusion because
carbonate substitution causes
shrinkage in 'a' parameter of the CO?group.7 Matalon and DeBenyacer,
however, claim that carbonate content
of calcified deposits from propositus of
an idiopathic chondrocalcinosis show
changes in carbonate content on
heating.8 This change was variable
from specimen to specimen. From this
it was surmised that in the above
deposits CO3 replaces both PO' and
OH- groups but that the ratio
replacing PO' and OH group does
not remain constant. The exact site of
CO3 substitution in arthropathic

diffraction pattern of minute deposits
in situ-say on a cartilage surface.
Recently, however, it has become
possible to use synchrotron radiation
source, which provides 'tunable'x-rays
of very high intensity, the diffraction
(Fig. 4) pattern of crystalline deposits
on cartilage surface. The pattern
covers the diffraction angle in the
range 0 = 1°-12°. This opens up
exciting prospects for studying in situ
arthropathic deposits. It is concluded
(Fig. 4) that crystallites on cartilage
show no preferred orientation as they
do in bone and enamel.
EXAFS

This is

really a form of x-ray
absorption spectroscopy. An
absorption spectrum of a substance is
obtained by shining an intense x-ray
beam-for example, that from
synchrotron

source-on

it. The

spectrum arises because x-ray

absorption cross section for the
excitation of an electron from a deep
core of the atom exhibits oscillation as
a function of x-ray (photon) energy.

100-

80.
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Fig. 3 Infrared spectra of a typical periarthritic deposit. Peaks at 1460 cm, 1415
and 869 cm are additional to those in the pure hydroxyapatite spectrum.

cm,

Fig. 4 X-ray diffraction pattern of in
situ deposits on articular cartilage
surface taken with synchrotron
radiation source.

Ann Rheum Dis: first published as 10.1136/ard.42.Suppl_1.1-a on 1 January 1983. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by
copyright.

Suppl p 70 Annals of the Rheumatic Diseases

I

31>.k
X- Ry

PLATELETS WITH NON SINGULARITIES

/14

8' / eF S ; *

FASTER GROWTH
INSTABILITY- POSSIBLE VLS GROWTH

E-ww

Fig. 5 A schematic diagram of an
EXAFS spectrum.

- -i
414.
r

11

k

FoZi

I-,
Al

x

GROWTH - CONNECTION ADJ. PLATELETS

1

This manifests itself as a fine structure
in the x-ray absorption spectrum just
above the absorption edge (Fig. 5). In
contrast to x-ray diffraction, EXAFS
studies are restricted to the immediate
vicinity of the absorber element. They
therefore yield information on the
local structure and chemical states of
bonding sites. On interatomic
distances co-ordinate number and
geometry of an atom within a complex
organic matrix can therefore be
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studied.
So far EXAFS has not been used to m
I
d FINAL SMOOTHENING - CRYSTAL
//
obtain information on arthropathic
deposits. Miller et al. and Binstead et
SURFACE
al. have applied EXAFS to bone
mineral9 10 and have concluded that
the calcium 'environment' in bone
mineral is not the same as synthetic Fig. 6 A sequence of events in the growth of CuAlS2 crystals grown by chemical
and geological hydroxyapatite. vapour deposition techniques.
Instead the bone mineral is shown to
have a structure that is intermediate collision of electrons within the
In conclusion, I should like to
between amorphous calcium material gives rise to the emission of emphasise that an integrated
phosphate and crystalline characteristic x-ray radiation which programme of investigation
hydroxyapatite with high defect are used in EDX and WDX to give combining the above methods is likely
density. EXAFS has also shown that in information on chemical composition. to contribute in the understanding of
development of bone the calcium With the aid of modern microscopes the crystal deposition processes in
environment changes in a similar very high resolution (2A in TEM and arthropathies.
manner to that of in vitro maturation 50A in SEM) images can be obtained.
of amorphous calcium phosphate to The values of these techniques hardly References
poorly crystallised hydroxyapatite.
needs to be emphasised. The EDX
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Radiology of the crystal-associated arthritides
lAIN WATT
From the Department ofRadiology, Bristol Royal Infirmary, Bristol BS2 8HW

Introduction

Appreciation of the role and effects of
crystals in arthropathy is advancing
and changing rapidly. Three
substances-namely, sodium biurate,
calcium pyrophosphate dihydrate, and
hydroxyapatite-are recognised to
have acute and/or chronic radiological
articular manifestations.
I will describe the pure radiological
features of each of these crystal
associated arthritides but it is essential
to appreciate that they may occur in
any combination or they may coexist
with another arthropathy such as
rheumatoid disease. The effect of each
on the other has not been fully
assessed, although a modifying
influence of pyrophosphate arthritis
on rheumatoid disease has been seen.'

juxta-articular or periarticular in
distribution as in rheumatoid disease,
nor is it as extensive as that seen in
regional migratory osteoporosis.
In chronic gout there is
characteristically an asymmetrical
polyarticular arthropathy predominantly affecting the metatarsophalangeal joints of the great
toe (Fig. 1). Overall, the distribution
of joints affected is predominantly
peripheral, the feet, hands, wrists
and elbows being the major sites.
Sacroiliac, acromioclavicular and
stemoclavicular joint disease are less
common. Distribution in the hands is
the inverse of that found in
rheumatoid disease, with major
involvement of the terminal interphalangeal joints and least of the
metacarpophalangeal joints. The soft

Gout
The principal radiological features of
gout are due to the presence of tophi in
or around bone. As chemotherapy is
designed to prevent the formation of
such tophi many patients with gout
have either no abnormal appearances
at radiology or entirely non-specific
features. The individual radiological
signs of primary and secondary gout
are identical, though in secondary gout
an atypical joint may be primarily
affected or established features of
bone erosion may be present in
patients seemingly sustaining their
first clinical attack.
The initial radiological description
was made soon after the discovery of
x-rays' and has been followed by fuller
descriptions.3 In acute gout the
metatarsophalangeal joint of the great
toe is affected in 80% of cases and
ill-defined soft tissue swelling may be
appreciated, although less readily than
on clinical examination. Calcification
is absent and there are no features to
permit a specific diagnosis.
Osteoporosis may occur but is not

Fig. 2 Gross gout of ring finger. Note
extensive asymmetrical soft tissue
swelling and well defined erosions. An
overhanging margin sign is present

(arrow).

Fig. 1 Tophaceous gout in
metatarsophalangeal joint of great toe.
Note considerable soft tissue swelling
and relative preservation ofjoint space
width. Well defined erosions are
present adjacent to joint. Bone density
is normal.

tissue abnormality is eccentric asymmetrical soft tissue swelling, present
once tophaceous deposits have
exceeded about 5 mm. Soft tissue
tophi are principally present around
the joints of the hands (Fig. 2), ankles,
and elbows. Those at the elbow may be
mistaken for rheumatoid nodules,
while those at the tendoachilles insertion may mimic xanthomata. Soft tissue swelling about the dorsum of the
foot and os calcis is particularly characteristic. Calcification of purely soft tissue tophi is unusual and is thought to
indicate either coexisting pyrophosphate or hydroxyapatite deposition, calcium dysmetabolism, or infection. Ossification of tophi, though
rare, has been reported on occasions
and typically is found in the hands.3
The bony manifestations of urate
deposists are typical although not
diagnostic. Lesions in the soft tissues
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adjacent to bone induce areas of
pressure erosion with wasting or
indentation of cortical outline creating
sharply defined sclerotic margins
(Figs. 1, 2). There is no change in
overall bone density. Lesions in the
periosteum or cortex produce
expansile corticated, sharply defined
defects typically in a periarticular
position. The cortex is not usually
intact over the lesion and this
hook-like appearance, or overhanging
margin of Martel (Fig. 2), is a well
recognised feature.4 Lesions within the
medulla are typically round or oval in
the bony long axis with sharply defined
sclerotic margins. Size normally varies
from 1 to 3 mm, although frequently
exceeds 5 mm. The sharply defined
nature of the bone erosion, with, at this
stage, the preservation of hyaline
cartilage width, is in sharp
contradistinction to rheumatoid
disease. Indeed, despite substantial
erosion cartilage width is preserved
late into the disease. Multiple

Fig. 3 Established joint disease with
subchondral collapse of subarticular
cysts and secondary osteoarthritis at
metacarpophalangeal joints. Note new
bone formation (arrows) not present in
rheumatoid disease.

Fig. 4 Typical meniscal
chondrocalcinosis. Note coarse
granular quality and absence of
any other abnormality.

Fig. 5 Gross capsular and ligamentous chondrocalcinosis at knee calcification
extends along poplitens bursa and into superior tibiofibular joint (arrows).

subarticular radiolucencies eventually
coalesce and may be shown
arthrographically to communicate
with the joint space like rheumatoid
geodes. Subsequent subchondral
collapse occurs with degenerative
joint disease (Fig. 3). Osteoporosis
only occurs as the result of disuse.
Fibrous ankylosis is relatively
common, whereas bony ankylosis is
reported only occasionally,
predominantly in the hands,
particularly between carpal bones.
Incidence of chondrocalcinosis is no
higher in those with gout than in a
control population.
Gout is also associated with bone
proliferation (Fig. 3) especially at the
enthesis particularly with the
formation of organised calcaneal spurs
and bridging syndesmophytes in the

thoracolumbar spine. It is not clear,
however, whether this is a
manifestation of gout or a reflection of
a broader dysmetabolism embracing
obesity and diabetes mellitus. Urate
crystals in urine produce non-opaque
calculi with secondary obstructive
uropathy.
The differential diagnosis of acute
gout includes either of the other two
acute crystal arthritides, septic
arthritis and seronegative
spondyloarthropathy. In established
disease the important differential
diagnosis rests with psoriatic arthritis,
because of the relative preservation of
bone density; the asymmetry of
lesions; the presence of bone
proliferation; and the predominantly
peripheral involvement, particularly
the terminal interphalangeal joints in
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due to calcium phosphate dihydrate,
hydroxyapatite, or, occasionally,
brushite. When the features of
pyrophosphate arthropathy are
present the correct specific diagnosis
may be inferred, but if, for example,
there has been total hyaline cartilage
attrition chondrocalcinosis may not be
seen.
CHONDROCALCINOSIS

Fig. 6 Pyrophosphate arthropathy. Gross new bone formation is most
pronounced at patellofemoral joint. There are apparent loose bodies in
suprapatellar pouch.
the hands. Patchy sacroiliac
involvement is reported in both
arthritides. Inflammatory osteoarthritis, particularly erosive osteoarthritis, must also be considered as a
differential diagnosis. The preservation of the width of joint space in the
presence of well defined erosions in
gout is seen also in multicentric
reticulohystiocytosis and, in a single
joint, of pigmented villonodular
synovitis.
Calcium pyrophosphate deposition
disease
Calcium pyrophosphate deposition
disease (CPPD) has been recognised
for nearly 20 years but there is still
appreciable difficulty in its
terminology. Precise methods of
establishing the diagnosis are beyond

the scope of this paper, but it is
essential to specify three distinct
facets. Firstly, the presence of
calcification radiographicallychondrocalcinosis; secondly, the
occurrence of acute clinical attacks or
episodes of arthritis-pseudogout;
and, thirdly, the development of a destructive joint disease-pyrophosphate
arthropathy. The principal radiological features of chondrocalcinosis
and pyrophosphate arthropathy have
been reviewed57 but the relationship
between them may prove difficult both
radiologically and clinically.
Radiologically, chondrocalcinosis is
an age-related phenomenon with a
peak incidence of about 30% in
elderly institutionalised patients.' The
presence of chondrocalcinosis may not
necessarily indicate calcium
pyrophosphate dihydrate as it may be

The detection of small quantities of
chondrocalcinosis requires a
meticulous radiographic technique
with optimal resolution.6 In most
cases, however, careful routine
radiography will suffice. Radiological
examination of the knees (in the
anteroposterior projection) gives a
90% detection rate for chondrocalcinosis, 98% with anteroposterior views of the knees and
hips, and 100% if the wrists are also
examined.7 Chondrocalcinosis most
commonly occurs in fibrocartilage or
hyaline cartilage, typically the menisci
of the knee joint (Fig. 4), triangular
ligaments of the wrists, and the
acetabular and glenoid labrae. Less
usually the annulus of the
intervertebral discs and other
fibrocartilaginous structures are
affected. The calcification is typically
coarse and granular in fibrocartilage,
whereas in hyaline cartilage it is
usually discrete, well defined, and
linear, paralleling the underlying
articular bony cortex. Calcification
also occurs in the synovium,
particularly at the wrists, knees,
metacarpophalangeal joints and
metatarsophalangeal joints and is
characteristically ill defined and hazy.
Gross calcification with joint
disruption may present a tophaceous
appearance.' Calcification also occurs
in the joint capsule, particularly
around the elbows, knees, (Fig. 5) and
metatarsophalangeal joints.
Calcification at tendon insertion into
bone, particularly the tendoachilles, is
common and is typically linear and
extensive compared with the more
discrete and focal involvement seen in
hydroxyapatite deposition states.
Occasionally calcification may occur in
bursae when an ill-defined cloud-like
quality may be observed.
PYROPHOSPHATE ARTHROPATHY

The structural joint changes of
pyrophosphate arthropathy most
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lapse of the carpus associated with
scapholunate diastasis is typical. The
severe destructive nature of the arthropathy also produces severe facet
degenerative disease in the lumbar spine, often with degenerative

extensive joint disruption,

Fig. 7 Pyrophosphate arthropathy with
resembling a charcot joint.

very

I yresemble t h o s e o f
osteoarthritis. There are, however,
major differences. Pyrophosphate
arthropathy affects more unusual
sites, particularly the radiocarpal,
metacarpophalangeal, trapezioscaphoid, elbow, and the glenohumeral joints. The distribution within
individual joints is also different-for
example, the patellofemoral joint of
the knee is predominantly affected
(Fig. 6). Formation of new bone is variable and may be excessive with exuberant or massive osteophytes when
compared with osteoarthritis. Large
masses of trabeculated osteophytes
develop (Fig. 6) and may appear separate from the underlying bone, suggesting loose bodies. Indeed, isolated
fragments of cartilage are also more
common, giving rise to genuine sepa-

rate intra-articular loose bodies.

c lo s e

Unless they become substantial in size,
however, these are distinguished
by the absence of bony trabeculae
on x-ray. Formation of osteophyte
varies considerably; while in most
patients considerable bone production
occurs, in others it is virtually
absent with merely smooth eburnated articular surfaces. The extent of
this subchondral sclerosis and the
associated subarticular radiolucencies
is far more pronounced in pyrophosphate arthropathy than in osteoarthritis. There is also a predilection
for severe destructive changes in pyrophosphate arthropathy and the likeness of these joints to neuropathic
joints has been emphasised (Fig. 7).10
Though this may be observed in the
hip and knee joints, proximal row col-

spondylolisthesis.
Pyrophosphate arthropathy
predominantly affects large joints,
particularly the knees, hips, and
glenohumeral joints. Severe deformity
of the knee joint may cause stress
fractures of the upper tibia requiring
joint replacement. Indeed, careful
analysis of most cases of deforming
knee disease requiring total knee
replacement shows undoubted
features of pyrophosphate
arthropathy.
Clinical and radiological correlation
is, however, fraught with difficulty.
There is no definite relation between
clinical arthritis and the presence of
chondrocalcinosis or pyrophosphate
arthropathy. For example, extensive
radiographic abnormality may be
present in entirely asymptomatic
joints. Furthermore, there is no
definite relation between symptoms
and the type of calcification present.
Calcification may be ephemeral or
never seen although crystals may be
clearly demonstrated from joint
aspirate. There is no definite
progression from chondrocalcinosis to
pyrophosphate arthropathy.
It is unclear whether pyrophosphate
arthropathy and/or chondrocalcinosis
are specifically related to any
particular predisposing factor. Only
primary hyperparathyroidism and
haemochromatosis (both primary and
secondary) have such a proved causal
relationship."1 Indeed, apart from very
minor variations 'primary'
pyrophosphate arthropathy often
cannot be distinguished on purely
radiological grounds from that
associated with other diseases.' Subtle
distinctions between primary
pyrophosphate arthropathy and
haemochromatosis have been
emphasised in a meticulous study of
hand involvement (D Resnick, paper
presented at the International Skeletal
Society Meeting, San Francisco,
1982). Joint space narrowing at the
ring and little finger metacarpophalangeal joints and crumbling of
articular surfaces but with relative preservation of the radiocarpal joint and
larger hook-like osteophytes on the

Ann Rheum Dis: first published as 10.1136/ard.42.Suppl_1.1-a on 1 January 1983. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by
copyright.

Suppl p 76 Annals of the Rheumatic Diseases

radiographic features.' This difficulty
in distinguishing between rheumatoid
disease and pyrophosphate
arthropathy has also been noted by
others.'2 In most patients with
rheumatoid disease and pyrophosphate arthropathy there are only
occasional erosions with the preservation of normal bone density and an
asymmetry of involvement (Fig. 8).
The relationship between pyrophosphate arthropathy and degenerative joint disease is ill understood, but
it is clear that chondrocalcinosis occurs
more often in previously traumatised
joints as, for example, after meniscectomy," and that the degree of associated pyrophosphate arthropathy in
these patients is worse in those
patients who have evidence of osteoarthritis elsewhere-for example, in
the terminal interphalangeal joints of
the hands."3
Calcium hydroxyapatite deposition
disorders
EXTRA-ARTICU LAR

Fig. 8 Pyrophosphate arthropathy and rheumatoid disease. Note normal bone
density, patchy involvement, and absence offresh erosion. Radiocarpal joint
disruption is consistent with either pyrophosphate arthropathy or old rheumatoid
disease with superadded degenerative disease.

metacarpal heads were found to be
in haemachromatosis.
Scapholunate dissociation and
chondrocalcinosis of the thumb
carpometacarpal joint were, however, commoner in pyrophosphate
arthropathy.
more common

There is mounting evidence that
pyrophosphate arthropathy has a
modifying effect on other non-crystal
arthritides and in

a

recent series of

patients with chondrocalcinosis
patients with rheumatoid proved by
ARA criteria had extremely modified

The presence of foci of calcification
related to the shoulder joint is well
recognised and although the
supraspinatus tendon (Fig. 9) is by far
the commonest affected numerous
other foci are now acknowledged.
These include the wrists (flexor carpi
ulnaris, less commonly flexor carpi
radialis and extensor carpi ulnaris);
adjacent to the metacarpophalangeal
joints of the fingers and the
metatarsophalangeal joints of the feet,
especially the great toe (Fig. 10); the
elbow, particularly the common flexor
and extensor insertions; and at the hip
joint, particularly the gluteal
insertions into the greater trochanter.
Recently, involvement of the longus
colli with prepharyngeal soft tissue
swelling has also been recognised. The
bursa may be affected on occasions,
and this calcification may not be seen
in radiographs.
The condition is usually detected in
a single joint, but when multiple joints
are affected the onset is simultaneous
in about one third and successive in
two thirds of cases. Typically, the
patient is aged between 40 and 70 and
the initial radiological features are
ill-defined soft tissue swelling adjacent
to a joint, corresponding to the acute
inflammatory episode. Calcification is
almost always observed on the first
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Fig. 10 Acute hydroxyapatite
periarthritis of great toe. Note
ill-defined soft tissue swelling and
discrete, dense calcification adjacent to
metatarsal head.

Fig. 9 Extensive hydroxyapatite periarthritis of shoulder. There is amorphous
calcification extending from supraspinatus tendon into subdeltoid bursa and over
humeral head (arrows). Irregularity and sclerosis ofsupraspinatus insertion and
focal osteoporosis are present (open arrows).

examination and is initially ill defined
and poorly localised. The
supraspinatus is most common of the
rotator cuff tendons to be affected and
is best seen on a film in external
rotation, whereas the infraspinatus
and teres major may be seen on
intqrnal rotation posterior to the
humeral head and the subscapularis
anterior. When calcification is ill
defined symptoms can usually be
relieved by aspiration under
fluoroscopic control, with injection of
local anaesthetic and steroid. With

time the calcification becomes more
localised, homogenous, and more
dense, with a linear or circular
configuration. Around the shoulder
this may persist for many years and is
resistant to needle aspiration. A
sudden change in the clinical signs is
often associated with apparent rupture
and shedding of the calcification
either into the shoulder joint or, more
commonly, into the adjacent
subdeltoid bursa from the
supraspinatus tendon. If there is
extensive involvement of the tendon

rotator cuff instability may then
develop, manifested by cephalic
migration of the humeral head with
excavation of the inferior aspect of the
acromion. Though no abnormality of
bone is observed on initial
presentation with chronic disease
there is usually bone resorption,
sclerosis, and cyst formation at
rotative cuff insertions.
When multiple joints are involved
both shoulders usually demonstrate
the abnormality. However, there is
undoubtedly an incidence of
non-symptomatic calcific disease.
The calcification needs to be
distinguished from other causes of soft
tissue calcification in a periarticular
distribution, particularly that
associated with calcium dysmetabolism (especially secondary hyperparathyroidism and renal
osteodystrophy) and in connective tissue disorders such as Ehlers-Danlos
syndrome.
I NTRA -ARTICU LAR

Since Dieppe et al. found minute
dense opacities within joints of
patients with severe and destructive
changes,"4 hydroxyapatite has been
associated with osteoarthritis,
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scleroderma,17 though the relevance of
this calcification in the pathogenesis of
both arthritides is unclear. An erosive
arthropathy with associated
calcification should allow a specific
diagnosis of mixed connective tissue
disease rather than rheumatoid. In all
of the hydroxyapatite deposition
diseases there is evidence
scintigraphically of considerable
metabolic activity in the calcification
site.
Conclusion
It is clear that the understanding of the
crystal-associated arthritides has
advanced considerably in the past
decade. Many radiological features

Fig. 11 A dvanced 'Milwaukee' shoulder. The acromium, coracoid process, and
outer third of the clavicle are all destroyed. There is glenohumeral osteoarthritis.
Calcification (arrow) is present in region offormer rotator cuff

particularly of the knee. It has also
become clear that calcification of
hyaline cartilage (chrondrocalcinosis)
may also be due to hydroxyapatite"5
and be associated with a pronounced
inflammatory arthropathy. Similarly, a
progressive and destructive arthritis
occurs at the shoulder joint,
radiologically representing the severe
end stage of rotator cuff instability
(Fig. 1 1) (the 'Milwaukee shoulder').16
In this condition there is considerable
synovial swelling with gross excavation
and attrition of bone, particularly the
acromium, the lateral end of the
clavicle, the corocoid, and, latterly,
the glenoid fossa. These appearances,
when pronounced, are probably
characteristic and entertain no serious
differential diagnosis; they are usually
bilaterally symmetrical. It is becoming
clear that these patients also have
destructive arthritis of other joints,
particularly the knee (Fig. 12), and
that hydroxyapatite deposition disease
needs to be considered in the presence
of severe Charcot-like knee and
shoulder joints.
Hydroxyapatite deposition occurs
both in joints and adjacent joints in
mixed connective tissue disease and

that would have been dismissed as
degenerative changes or osteoarthritis
are now known to be manifestations or
modifications of osteoarthritis as a
result of the influence of crystal
deposition. Although the three
principal crystal arthritides may be
distinguished radiologically there is an
appreciable overlap between them and
there are no exclusive pathognomonic
hallmarks to allow an absolute

diagnosis.

Fig. 12 Left knee ofsame patient as Fig. 11. Extensive sclerosis and attrition of
bone in lateral compartment suggests an atypical osteoarthritis. There is possiblv
chondrocalcinosis (arrow). Hydroxyapatite crystals were isolated from jointfluid.
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et al. Clinical, radiographic and
pathological abnormalities in calcium
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Case presentations
Presented by the Department ofMedicine, Bristol Royal Infirmary, Bristol BS2 8HU
CASE 1

An 89 year old woman with
diuretic-induced tophaceous gout.
Points of note were:
(1) The patient had been receiving
diuretics for many years, but had no
impairment of renal function.
(2) Radiographs showed typical
gouty erosions in the hands, but she
had never had an acute attack of gout

(Fig. 1).

(3) Large tophi were seen, mainly
on the hands, and in particular over the
distal interphalangeal joints. Some of
these tophi had discharged (Fig. 2).

Discussion points included:
(1) The role of diuretics in the
genesis of gout in the elderly.
(2) The contributions of aging of
connective tissue and osteoarthritic
changes around the distal
interphalangeal joints in dictating the
distribution of crystal deposits in the

elderly.
(3) The striking lack of
inflammation around the tophi and the
absence of acute attacks.
(4) The aetiology of the bony
erosions in gout in the apparent
absence of inflammation.
This patient was thought to be similar
to others described recently with gouty
tophi without gouty arthritis (see
Scott, p. 16).
The possible factors relating to
distribution, including connective
tissue changes, temperature, and
osteoarthritis had been discussed by
Dr Calvert (see Fiddis et al., p. 12).
Professor Dixon suggested the term
'impostumous gout' to describe such
cases.

generalised hypermobility and CRST
syndrome. She developed a self
limiting attack of severe low back pain
and recurrent attacks of arthritis
affecting the wrists and

metacarpophalangeal joints.

Points noted included:
(1) The typical hands of CRST
syndrome with associated reversible
ulnar deviation of the fingers and a Z
thumb deformity.
(2) Radiological chondrocalcinosis
of the knees, symphysis pubis, and
triangular ligaments of wrists (Fig. 3).
(3) The presence of calcification
around the annulus fibrosis of several
disc spaces in the lumbar spine.
Discussion points included:
(1) The possibility that the low back
pain could have been related to the

CASE 2

Fig. 1 Radiograph of hand (case No

1) showing gouty tophi of the soft
tissues and typical bone erosions of
gout. The patient had never had an
attack of acute gout.

Fig. 2 Hands of case No 1. Note the
large gouty tophi and the distribution
over the interphalangeal joints.

A 31 year old woman suffered a knee
injury when aged 16, and first
presented with an acute monoarthritis
of that knee 12 years later. She has
since had five well-characterised
attacks of pseudogout in that knee.
Points noted included:
(1) Cruciate instability of the left
knee only.
(2) Radiological chondrocalcinosis
limited to the left knee.
(3) The lack of any metabolic
abnormality or family history of
arthritis.
(4) The good preservation of
cartilage thickness in the joint.
Discussion centred around the
concept of secondary calcific
chondrocalcinosis occurring in
localised areas of previous joint
damage in the absence of any systemic
disorder. Although this association has
not been widely recognised, similar
cases have been reported (see
Doherty, p. 38).
CASE 3

Fig. 3 Radiographs of the hand (case
No 3) showing (a) close up of the
fingers to show the typical soft tissue
calcification and resorption of the
terminal phalanges seen in the CRST
syndrome, and (b) close up of the wrist
ofthe same hand to show the associated
chondrocalcinosis of the triangular

A 75 year old ex-ballet dancer with

ligament.
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presence of crystal deposits in the suggesting that the particles would
spine, as has been suggested have to come from new deposits in the
superficial areas of the cartilage, or
previously (see Doherty, p. 38).
(2) The association between the synovium and capsule, rather than
CRST syndrome and the from the bone. The possible disruption
chondrocalcinosis. It was felt that the of particles from preformed deposits in
fingertip calcification was typical of the soft tissues during the process of
CRST syndrome but that the aspiration was noted.
(3) The nature of the arthropathy.
chondrocalcinosis may be a chance
association, as a high percentage of 75 The knee disease was thought to be
year olds have age-related typical of acromegalic arthropathy,
and associated apatite deposits in
chondrocalcinosis.
(3) The influence of her generalised synovial fluid have been described
hypermobility on the crystal previously (see Schumacher, p. 54).
deposition. The question of a primary The spinal disease was thought to be
collagen abnormality or of less typical in view of the pronounced
hypermobility induced by her dancing restriction of movement, but it was
was discussed, and the question of noted that this was responding well to
hypermobility in relation to physiotherapy.
generalised chondrocalcinosis was
brought up. Factors such as aging, CASE 5
hypermobility, and connective tissue A 71 year old woman with
changes in the pathogenesis of longstanding generalised nodal
chondrocalcinosis had been discussed osteoarthritis presented with acute
previously (see Mitrovic, p. 19 and inflammation around the distal
interphalangeal joint of the left middle
Doherty, p. 38).
finger. The lesion ulcerated,
discharging fluid containing numerous
CASE 4
apatite
crystals ('impostumous apatite
A 43 year old man with acromegaly deposition
disease' Fig. 4).
presented with a stiff, painful
back and painful swollen knees. He
had undergone hypophysectomy and
radiotherapy to the pituitary fossa in the
previous year.
Points noted included:
(1) Persistence of gross features of

acromegaly.
(2) A mild kyphoscoliosis and
restriction of spinal mobility.
(3) Large effusions, pronounced
crepitus, and bony swelling of the
knees, with retention of a full range of

CASE 6

A 73 year old woman with a four year
history of a destructive arthropathy,
principally affecting the shoulders,
knees, and midtarsal joints. Trauma
precipitated the inflammation of the
right shoulder at the start of the illness.
Over the next two years this joint
rapidly became grossly disorganised,
and an arthroplasty was carried out.

movement.

(4) Radiological features
characteristic of those described in
acromegalic arthropathy were noted in
the spine and knees.
(5) He was also noted to have
periarticular calcification around the
left knee.
(6) Fluid aspirated from the left
knee had shown numerous round
globules staining positively with
Alazarin red (see Schumacher, p.
54).
Discussion points included:
(1) The possible role of growth
hormone in predisposing to apatite
deposition in the cartilage.
(2) The origin of the apatite in the
synovial fluid. The x-ray films show
good preservation of cartilage,

Points noted included:
(1) The clinical and radiological
evidence of gross osteoarthritis of the
interphalangeal joints.
(2) Radiological evidence of calcific
periarthritis is the left ring finger.
(3) Numerous para-articular cysts
around the distal interphalangeal
joints typical of those seen in
generalised osteoarthritis.
Discussion points included:
(1) The mode of formation of
para-articular cysts adjacent to the
distal interphalangeal joints in
osteoarthritis. It was felt that these
might be generated in a similar way as
other joint cysts-that is, with an
initial communication with the joint,
and a valvular mechanism pushing
hyaluronate into the cyst.
(2) The presence of apatite in cysts
and in distal interphalangeal joints in
osteoarthritis was discussed. Various
contributors noted that they had never
been able to identify apatite in the
hyaluronate cysts, but that it had on
occasion been found in joint fluid
aspirated directly from the distal
interphalangeal joint in Heberden's
nodes.
(3) It was agreed that no good data
were available on the relationship
between calcific periarthritis and
osteoarthritis but that the patient had
obviously had a typical attack of acute
calcific periarthritis in addition to
having generalised nodal
osteoarthritis (see Faure, p. 49).

Fig. 4 Distal interphalangeal joint of
the left middle finger (case No 5),
showing the inflammation and
discharge from the finger after flare up
of the 'Heberden's node'. The
discharge contained masses of calcium
containing particles thought to be
apatite, and the patient had evidence of
calcific periarthritis elsewhere.

She subsequently developed pain,
effusions, and radiological evidence of
progressive destructive changes,
chiefly affecting the left shoulder,
knees (left worse than right), and
midtarsal joints.
Points noted were:
(1) Radiological evidence of calcific
periarthritis preceding the destructive
changes in the shoulder.
(2) Loss of the rotator cuff
apparatus both clinically and
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radiologically, with upward
subluxation of the head of the humerus
in the shoulder remaining on the left
(see Fig. 11 in Watt, p. 73).
(3) Gross instability of the left knee,
with a marked valgus deformity.
(4) The large, cool effusions in all
the affected joints. These had been
aspirated and shown to contain a few
mononuclear cells but no polymorphs,
and large numbers of Alazarin red
positive particles.
(5) The radiological evidence of
destructive changes, including collapse
of the medial tibial plateau of the left
knee. Pyrophosphate as well as apatite
crystals had been aspirated from this
joint but not from the shoudler.
Discussion points included:
(1) The case was thought to be in
some ways similar to those described
as 'Milwaukee shoulder' (see
Schumacher p. 54 and Watt, p. 73).
However, it was obvious from this and
other reported cases that the site of
involvement was not specific, and that
other calcium phosphate crystals
might be associated with these types of
cases. The term 'apatite-associated
large joint lysis' was suggested by the
presenters for cases of this sort.
(2) The possible mechanism of the
destructive changes was also
discussed. Some participants felt that a
primary disorder of subchondral bone
could not be ruled out, and that
crystals could be a marker of disease,
rather than a cause of these
extraordinary changes.
CASE 7

A 65 year old woman with an 18 year
history of calcinosis cutis, chiefly
affecting the right index finger. She
had presented with SBE in 1980,
resulting from infection round
discharging areas of calcification in the
fingers.

Fig. 5 Clinical picture and radiograph of the right index finger (case No. 7).
(a) Clinical photograph showing extensive nodular swelling of the finger.
(b) Radiograph showing the masses of non-trabeculated calcific bodies in the
soft tissues, with normal bones and joints. Carbonated apatite was identified in
the material extracted from these deposits.
The points noted included:
(1) The gross calcium deposits in the
finger with characteristic radiological
features of rounded non-trabeculated
deposits (Fig. 5).
(2) Material often discharged,
analysis of a large amount by infrared
spectrophotometry showed apatite
with some carbonate.
(3) There was no clinical evidence of
any associated connected tissue
disorder or of any metabolic
abnormality which might help explain
the deposition.
(4) Radiological screening had
shown an associated area of
calcification in the spine, and on

direct questioning, the patient had
admitted to back pain isolated to that
area.
Discussion highlighted a considerable
interest in such a gross example of
para-articular and soft tissue crystal
deposition.
(1) The lack of inflammation around
the lesion, except at times of discharge
through small ulcerated skin areas was
also noted and discussed.
(2) Although thought to be of
considerable interest, this case
highlighted the lack of understanding
available to explain the formation and
effect of huge crystal deposits such as
these.
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Comparison of plasma and urinary concentrations of
uric acid measured by the colorimetric
phosphotungstate and enzymatic uricase methods
C. S. HIGGENS,

I.

K. MOSS, J. T. SCOTT

From the Kennedy Institute of Rheumatology and Charing Cross Hospital, London W6

Accurate measurements of uric acid
are essential for diagnosis of
hyperuricaemia and to measure the
effects of uricosuric drugs. Routine
estimations of concentrations are
commonly based on colorimetric
methods.' These are closely controlled

and inexpensive methods using
modern automated continuous flow
techniques. There are, however,
important sources of error, especially
in urinary estimations.
The more accurate enzymatic assay
uses specific uricase to oxidise uric acid
to allantoin. Manual and
semiautomated uricase methods have
been described.2" These methods are,
however, time consuming and require
specialist skill and equipment, making
them unsuitable for routine hospital
use. In 1969 the first fully automated
enzymatic assay using continuous flow
techniques was described by Steele.4
This needed two ultraviolet

spectrophotometers working in
parallel together with a large range of
expensive equipment; this made it
impractical for routine use. An
automated uricase assay combines the
specificity and sensitivity of the
enzymatic,method with the controlled
conditions of the continuous flow
autoanalyser. A method based on
these principles is being developed to
provide accurate routine
determinations of uric acid in plasma
and urine samples.5
We compared estimations of plasma
and urinary uric acid measured
routinely in this hospital by a
colorimetric method with manual
results from the uricase assay to
ascertain whether significant
differences could be detected. The
manual and a new automated uricase
assay were then compared in the
measurement of plasma and urinary
uric acid concentrations.

SUBJECTS, METHODS AND
RESULTS

Plasma and 24-hour urine collections
obtained from unselected
patients with normal creatinine
clearance, over a six month period. All
samples and standards were assayed
for uric acid using all methods.
Colorimetric phosphotungstate
method. Uric acid added to
phosphotungstate in alkaline solution
produces an intensely blue colour
caused by an uncharacterised
chromophore. The colour yield is
directly related to the concentration of
uric acid. The automated method has
high reproducibility and facilitates a
high standard of quality control.
Errors in this method are due to the
activity of non-specific chromagens in
the samples and from the loss of uric
acid which precipitates with protein,
which is then removed by dialysis. This
results in non-linearity between colour
yield and uric acid concentration especially in urine where non-specific substances-for example, cystine and
thiols--can contribute to total
measured colour.
Enzymatic uricase methods. Uric
acid is oxidised by uricase to allantoin.
The disappearance of uric acid may be
monitored by measuring the
associated decrease in absorbance at
292 nmol/l in a spectrophotometer.
This method has a high degree of
specificity and sensitivity for the
analysis of both blood and urine.
Accuracy and precision are affected by
sampling errors and spontaneous
changes in sample turbidity causing
variations in light scattering and
apparent changes in ultraviolet
absorbance. The automated uricase
method used a continuous flow
technique to present samples to the
spectrophotometer, thus reducing
sampling errors.
were

of
plasma
Estimations
concentrations of uric acid by the
phosphotungstate colorimetric
method were a mean of 17% higher
than the corresponding manual uricase
assay values (n = 63; r = 0-979). This
difference varied in proportion to the
concentration.
Estimations of urinary excretion of
uric acid by the phosphotungstate
colorimetric method were a mean of
48% higher than by the manual
uricase assay (n = 30; r = 0 840). This
difference was not proportional to the
concentration.
There was an extremely good
correlation of plasma and urinary
concentrations of uric acid by the
manual and automated uricase
methods.
COMMENT

The phosphotungstate colorimetric
method was inferior in accuracy to the
enzymatic uricase method in the
measurement of plasma and urinary
uric acid concentrations.
For routine use the inexpensive
colorimetric method could be used
with a correction factor for plasma uric
acid estimations. For accurate
estimations of urinary uric acid,
however, only the enzymatic uricase
assay was reliable. The specificity of
the uricase method was combined with
continuous flow techniques in a new
automated uricase assay. Results from
this assay correlated well with those
from the manual method. An
automated uricase assay is at present
being developed for routine hospital
use (L Duncan, C S Higgens, P C
Nicholas, unpublished data).
Further progress in detailed
monitoring of kinetic reactions
together with cheaper highly purified
enzyme preparations should lead to
greater accuracy and precision for
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routine hospital estimations of plasma
and urinary uric acids by the enzymatic
uricase method.
References
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Analysis of human plasma and urine purines using high
performance liquid chromatography (HPLC)
H. J. RYLANCE, RUTH C. WALLACE, AND G. NUKI

From the Rheumatic Diseases Unit, Department of Medicine (WGH), University of Edinburgh, Northern General Hospital,
Edinburgh EH5 2DQ

The recent development of
microparticulate, chemically bonded
packing materials for high

performance liquid chromatography
(HPLC) has allowed the development
of sensitive methods for the detection
and quantification of purine bases and
nucleosides in biological fluids. Using
reverse phase HPLC methodology
developed by Hartwick and others' we
undertook quantitative analyses of
purine nucleosides and bases in
normal human plasma and adapted
these methods to obtain a qualitative
profile of urine purine excretion
products.
Instrumentation consisted of a
Waters P/N 80060 modular system 1
chromatograph comprising twin
pumps, solvent flow programmer,
injection, 254 nm fixed wave
absorbent detector, and M730 data
module. The column used is a
pre-packed Bondapak (C18) column
consisting of a porous silica support
with an octadecyl (C18) chemically
bonded stationary phase (particle size
10 ,m, column dimensions 3 9 x 300
mm). A dry-packed precolumn of the
same material (37-50 A.tm particle
size) protects the main column. The
solvent system employed is a linear
gradient; 100% 0-02 mol/l phosphate
buffer pH 5 6 to 40% methanol/water
(60% v/v) in 35 minutes at ambient

Table 1 Normal values (p,moll1) plasma constituents. Figures are means (SD)
Women (n = 16)

Creatinine
Uric acid
Tyrosine
Hypoxanthine

Uridine/Xanthine
Inosine
Guanosine
Adenosine

92-6 (17-14)
182-4 (32 9)
44-7 (21-9)
2-21 (2 67)
2-63 (1-05)
1-38 (0-91)

temperature and a flow rate of 1-5
ml/min.
40,ul plasma or 10 ,ul of a 1 in 10
dilution of urine are injected after
ultra filtration in Amicon cones (CF

50A).
The identification of plasma purine
and nucleoside peaks has been verified
by cochromatography with pure
compounds and enzyme shift methods.
The table shows normal values for
plasma constituents that may be
accurately quantified. The lower limit
for detection of plasma purines and
nucleosides is approximately 0 2
,umol/l.
Urinary purine base and nucleoside
concentrations are much more
variable and dependent on diet and
hydration. The definitive

Men (n = 9)

97-8 (12-4)
297-5 (64-1)
40-1 (35 8)
1-96 (1-47)
2-94 (098)
1-08 (0-94)
Generally below limit of estimation
1l55 (1-39)
1-05 (0-78)

identification of all urine components
detected has not been completed and
many are partly excreted as
methylated metabolites.
The urine chromatogram may,
however, be used to provide a
qualitative 'profile' of purine excretion
in addition to quantitative
measurements of uric acid and
creatinine.
Reference
1 Hartwick R A, Krstulovic A M, Brown
P R. Identification and quantitation of
nucleosides. bases, and other uv
absorbing compounds in serum using

reversed phase high performance liquid
chromatography. II. Evaluation of
human sera. J Chromatogr 1979; 186:
659-76.
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Inborn errors of purine metabolism in man:
development of purine enzyme assays using high
performance liquid chromatography
H. J. RYLANCE, RUTH C. WALLACE, AND G. NUKI

From the Rheumatic Diseases Unit, University Department of Medicine (WGH), Northern General Hospital, Edinburgh
EH52DQ

Several inherited purine enzyme
defects have been associated with
purine overproduction and gout,
nephrolithiasis and immunodeficiency
diseases. These include: adenosine
deaminase (ADA) deficiency (severe
combined immunodeficiency),
nucleoside phosphorylase (NP)
deficiency (isolated T cell deficiency),
nucleotidase (5'NT) deficiency
acquired
and
(X-linked
hypogammaglobulinaemia) xanthine
oxidase (XO) deficiency
(xanthinuria), adenine phosphoribosyl
transferase (APRT) deficiency (renal
calculi 2, 8-dihydroxy-adenine),

Table 1 Normal values of enzyme activities. Figures are mean (SD)

hypoxanthine-guanine
phosphoribosyl transferase (HGPRT)
deficiency (Lesch-Nyhan syndrome or
severe X-linked gout) and
phosphoribosyl pyrophosphate
synthetase (PRPPS) superactivity
(X-linked gout with or without nerve
deafness and neurodevelopmental
abnormalities). Red blood cell enzyme
assays have been developed that are
rapid and sensitive and avoid the need
for radiochemicals in clinical
biochemistry laboratories.
Haemolysates are prepared from
heparinised venous blood samples and
assayed for purine enzyme
concentrations by methods based on a
reverse phase HPLC separation of
purine bases, nucleosides, and

Adenine (Ad) + PPriboseP -- adenosine monophosphate (AMP) + PP,.
Reaction conditions as for HGPRT
with substitution of adenine for hypoxanthine. Isocratic HPLC separation
of AMP and Ad using phosphate buffer (pH 6 0) containing 6% (v/v)
methanol as eluate.

nucleotides.
HGPRT

I

HGPRT
APRT
PRPPS
ADA
PNP

(n = 20)
(n = 7)
(n = 9)
(n = 8)
(n = 11)

94(15) nmol IMP/mgHb/hr
16 (5-3) nmol AMP/mgHb/hr
71-2 (15-7) nmol PRPP/mgHb/hr
0-28 (007) IU/ml packed RBC
6 21 (1-21) IU/ml packed RBC

Column t Bondapack C 18 (3-9 x 300
mm).
Eluents: 0-02 mol/l phosphate buffer (pH 5 6) (A) and methanol/water
(60% v/v) (B) Gradient linear 100%
A to 40% B in 35 minutes. Flow rate:
1-5 ml/min. Injection volume 40 ,uL.
APRT

PRPPS

Ribose-5-phosphate + ATP -* PPriboseP + AMP.
Two stage reaction: 0-05 mmol
ribose-5-phosphate + ATP reacted in
phosphate buffer (pH 7-5) with Mg++
EDTA and glutathione to form PPriboseP. PPriboseP assayed in HGPRT
reaction using excess of partially
purified enzyme.
ADA 2

Adenosine -> inosine
Haemolysate reacted with 0-14
pyropWosphoylribosyl-S-phosphate mmol adenosine in 0 05 mmol
-hypoxanthine ribo- phosphate buffer (pH 7*5).
(PPriboseP)
nucleotide (IMP) + inorganic pyroIsocratic HPLC separation of
phosphate (PPT).
adenosine using phosphate buffer (pH
Incubation mixture contains 0*63 6-0).
HX, 1-05 mmol PPriboseP, 5 3 mmol
Mg++, 100 mmol Tris buffer (pH 7- 4). PNP
HPLC to separate IMP from HX. Inosine -* hypoxanthine

Hypoxanthine (HX) + 1-

Haemolysate reacted with 0 2 mmol
inosine in 0 05 mol phosphate buffer

(pH 7 5).

HPLC as in HGPRT assay.
In patients with gout and
hyperuricaemia a sequence of
investigations is undertaken:
(1) Serum uric acid + creatinine.
(2) 24-hr urinary uric acid +
creatinine + 'purine profile' (normal
diet-alcohol, tea, coffee). If >3-6
mmol/24 hrs: stage 3.
(3) Repeat 24-hr urinary uric acid +
creatinine + 'purine profile' on 2600
kcal, 70 g protein purine-free diet five
days). If >3-6 mmol/24 hrs.

HYPEREXCRETOR
OVERPRODUCER.
(4) Measure plasma purines +
nucleosides.
(5) Measure RBC levels
PPribose P
PRPPS
HGPRT
APRT
(6) If abnormal-kinetic studies,
family studies, heterozygote detection,
etc.
References
1 Rylance H J, Wallace R C, Nuki G.

Hypoxanthine guanine phosphoribosyl
transferase: assay using high performance liquid chromatography. Clin Chim
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Significance of circadian variations of uric acid
elimination
B. D. OWEN-SMITH

From the St Richard's Hospital, Chichester, and Department of Rheumatology, Royal Berkshire Hospital, Reading

To investigate the significance of
inverse circadian variations of renal
excretion of uric acid' and enteral
uricolysis2 ' it is necessary to
demonstrate that they are affected by
sleep and that there is a tendency for
serum urate to change, even though
this may be masked by effective
homoeostasis. If during sleep the rate
of urate production exceeds
elimination by increased enteral
uricolysis and reduced renal excretion
there should be a detectable increase in
serum urate under controlled

metabolic conditions.
A three day study comprising two
six-hour periods of sleep separated by
42 hours' 'normal' activity was undertaken. During the awake periods the
subject was on a low-purine mixed
liquid diet of 0-69 MJ (165 k cal) four
hourly with a water intake of 200 ml
hourly.
Blood samples for estimation of
urate concentration were taken every
four hours at the midpoint of four
hourly pooled urine collections for uric
acid (apart from the first sleep period).
Urate was measured in one batch by
autoanalyser and urine pH by
radiometer.
Normal diurnal variation of urate
excretion was lost during the 42 hours

without sleep and was associated with
a fall in serum urate of 0-036 mmol/l
(0 6 mg/100 ml). There were two
peaks of increased excretion after 22
and 34 hours during this period.
After both periods of sleep there
was an increase in serum urate of
0 024 mmolIl (0.4 mg/100 ml), and
0 03 mmoUl (0 5 mg/100 ml). Initially
there was fluctation of urine pH, which
then stabilised and fell dramatically
during the second period of sleep from
pH 6-1 ((H+) 794 nmol/1) to pH 5 35
((H+) 4467 nmol/l ) and increased with
feeding to pH 6 5 ((H+) 224 nmol/l).
Weight loss during the study was 1-5
kg and modest negative fluid balance
occurred during sleep and on two
occasions during the 42 hours.
As reduced urate clearance should
be regarded 'as normal response of the
kidneys to the endogenous
hyperuricaemia (of primary gout)'45 a
combination of reduced urinary
excretion and increased enteral
uricolysis suggests that there is
increased urate production at night as
shown by a rise in serum urate.
Enteral uricolysis is increased at
night whether fasting or not, yet the
normal daily variation of urine urate
excretion is lost during fasting.6 This
indicates that circadian elimination via

the gut is independent of renal
function and food intake. As uricolysis
is increased at night it is suggested that
complex metabolic changes occur as a
result of sleep that causes
nucleoproteolysis and increased urate
production with secondary renal
effects of increased tubular
reabsorption and reduced secretion of
urate.
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Familial gout, hyperuricaemia, and renal impairment
P. HOLLINGWORTH, AND J. T. SCOTT

From the Kennedy Institute of Rheumatology and Charing Cross Hospital, Hammersmith, London
We report the case of a woman who
suffered recurrent attacks of acute
gout from the age of 15. When first
seen at this unit 10 years later she gave
a family history of gout and was found

to be mildly hypertensive.
Investigations showed hyperuricaemia
uncontrolled by the dose of allopurinol
she was receiving and a glomerular
filtration rate (GFR) of 15 ml/min. On

intravenous pyelography a small right
kidney suggestive of damage by
ureteric reflux was seen, though this
was not confirmed by micturating
cystography. Gamma camera
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renography measured 80% of isotopic
uptake over the normal sized left
kidney. Histological examination
of a biopsy specimen from this
kidney showed pronounced
glomerulosclerosis, tubular atrophy
and fibrosis, and round cell infiltration
of the interstitium, but urate crystals
were not identified. Despite good
control of hypertension and
hyperuricaemia the GFR gradually fell
over the next two years when
malignant hypertension and a rapid
deterioration in renal function
supervened and the patient has now
been admitted to a programme of
renal dialysis.
Metabolic studies were performed
on the patient's siblings and her close
maternal relatives; the paternal
relatives were not available for study.
Subjects were questioned for a history
of gout and resting blood pressure was
measured. Serum concentrations and
24-hour urinary excretion of urate
were measured by a uricase method on
samples taken from subjects receiving
a low purine diet. GFR was
determined by EDTA clearance. The
family tree is shown.
Of the 20 subjects studied, GFR was
reduced in half (mean 52% of
expected, range 15-74%). Five of
these also had gout or hyperuricaemia
that was associated with decreased
renal clearance of urate. A sixth
subject had reduced GFR and urate
clearance without hyperuricaemia.
These findings were detected by the
second decade, common by the third,
and most pronounced in elder
members of this kindred. Seven
subjects with renal impairment were
also hypertensive.
The familial occurrence of juvenile

E Gout

F]

Hyperuricoemia

i GFR
[

<75°/. predicted 1 Propositus
2 Deceased
Resting diastolic blood 3 Allopurinol
pressure >100Qmm Hg

W Urate clearance <3ml /min

Fig. 1 Family tree. Heavy lines denote subjects studied, circles females, and
squares males.
onset of gout associated with rapidly

deteriorating renal function has been
reviewed.' Inheritance appeared to be
dominant and sometimes exclusive in
females. The usual pattern was of
hyperuricaemia predating or being
disproportionate to the degree of renal
impairment, though renal failure
without hyperuricaemia was
occasionally observed in these
families. It remains undetermined
whether the hyperuricaemia was
responsible for, or consequent to,
disordered renal function.2 I
As the constant metabolic
abnormality in this family was a
reduction in the GFR, with impaired
urate clearance and hyperuricaemia
occurring only in elder members, it
appears that a renal abnormality is the
primary event rather than

hyperuricaemia. In contrast to
previous reports, the family history of
gout and renal failure was not striking
in the case described here and might
easily have been overlooked. This
familial association may be more
than suggested by the few
families described.

common
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Renal failure associated with crystal-induced
nephropathy and gout in a baby boy
H. A. SIMMONDS,' T. M. BARRATT,2 M. J. DILLON,2 P. C. HOLLAND,2
J. R. PINCOTT,3 L. D. FAIRBANKS,' J. H. STUTCHBURY,' AND J. S. CAMERON'
From the 'Purine Laboratory and Renal Unit, Guy's Hospital Medical School, London, 2Renal Unit, Great Ormond Street
Hospital for Sick Children, and 3Department of Pathology, Great Ormond Street Hospital for Sick Children, London

There has been much controversy'
over the relative roles of crystal
deposition, vascular disease, and age

in the genesis of the renal lesion in
gout, where nephropathy was formerly
common but is now extremely rare.2

Considerable debate as to whether the

origin of the lesion was interstitial3 or
stemmed from intratubular deposition
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of uric acid4 has also occurred. We
have argued for the primacy of
intratubular crystal deposition in the
past4 based on studies using an animal
model, as well as patients with
inherited disorders resulting in gout
and/or nephropathy.57 We here
present data on severe renal damage
associated with tubulo-interstitial
deposition of uric acid/urate in an
infant8 with hypoxanthine-guanine
phosphoribosyltransferase deficiency
(HGPRT:EC 2.3.2.8), in the absence
of hypertension or vascular pathology.

allopurinol dose has subsequently
required careful monitoring.

which could potentiate bone marrow
depression,10 it has also resulted in the

COMMENT

xanthine, which is more insoluble than

excretion of excessive amounts of

The onset of clinical gout at 5 weeks of
age must be unique. The association of
gout and renal failure due to
crystal-induced nephropathy is also
rarely seen today." The histological
lesion is generally a non-specific
interstitial nephritis considered to be
due to age, hypertension, or both.'-3
Others have defined two specific
nephropathies-acute nephropathy
due to intratubular uric acid
deposition (essentially reversible) as
CASE HISTORY
A 5 week old boy was the first child of distinct from the slow insidious
healthy unrelated parents. From 3 interstitial deposition of sodium urate
weeks he thrived poorly, had feeding from supersaturated body fluids
difficulties, and was extremely (essentially irreversible).'
The lesion in this young child
irritable. On admission the thumb and
first two fingers of the right hand were supports our contention from animal
red, swollen, and painful. studies, as well as a case of 2,
Neurologically, he was slightly 8-dihydroxyadenine nephropathy,4
hypotonic. Plasma creatinine was 350 that the initial insult is intratubular,
,umol/l (3.9 mg/100 ml) and plasma the natural sequelae of which, through
urate disproportionately high at 1-13 basement membrane rupture, is the
mmolI (9 mg/100 ml). However, ratio migration of crystals into the
of urine uric acid to creatinine interstitium with subsequent
(mmol/mmol) was 1-17:1, which is inflammatory response (Fig. lb)
within the normal range for a child of proceeding to fibrosis and permanent
renal damage.4`7
this age.8
This hypothesis is supported by the
Plain abdominal x-ray film showed
no radio-opaque calculi, but renal fact that infants maintain a low plasma
ultrasound showed both kidneys were uric acid through a high urate
bright, suggesting a crystal clearance.8 Gross uric acid
nephropathy.8 A renal biopsy showed overproduction in HGPRT deficiency
crystals in both tubules and would result in high urinary urate
interstitium in a cryostat section under which would provide the initial insult;
polarised light. There was much the raised plasma uric acid must have
tubular atrophy with extensive been secondary to the subsequent
tubular epithelial giant cell transfor- renal damage. Plasma urate
mation in the cortex and medulla. concentrations (after the immediate
All crystals dissolved on fixing in neonatal period) are extremely low; to
those accustomed to adult values,
formalin.
the raised concentrations in children
HGPRT activity was <0 01 may
thus not appear abnormal. In this
nmol/mg Hb/h in lysed red cells, < 0 9 child
the concentrations were
nmol/mg protein/h in fibroblasts and disproportionately
high for the degree
<0 2% of normal in intact red cells.5 8 of renal damage, even
for an adult.7 1'
Incorporation of labelled This provided the only
clue to the
hypoxyanthine into nucleotides by possibility
of uric acid overproduction
intact fibroblasts was 6% of control, in this infant,
the usual hallmark,
which is low on the criteria of Page et high uric acid since
excretion
on a creatinine
al.9 These results confirm severe basis, was obscured because
of the
HGPRT deficiency.5 8
renal damage.5 810
Treatment has consisted of
Adequate control of uric acid
allopurinol 5-10 mg/kg/24 h and concentrations by allopurinol has also
sodium bicarbonate. Plasma uric acid presented a problem because of the
on discharge had fallen to 0 5 mmol/l renal damage, particularly in such a
(8 mg/ 100 ml), plasma creatinine to 90 young child. Too high a dose has
,umol/l (1*0 mg/100 ml). The resulted in retention of oxipurinol,

uric acid.
This case is important for several
reasons. Firstly, it indicates the
problems of diagnosis and treatment in
HGPRT deficiency when renal
function is impaired.5 10 The presence
of crystals within the tubules as well as
the interstitium in crystotat section
only-but not formalin-fixed
tissue-underlines the difficulty of
identification of uric acid-induced

crystal nephropathy histologically,
unless special precautions are taken.1
The histological picture indicates that
crystals can reach the interstitium in
the 'gouty kidney', after disintegration
of the tubules.
These studies have been supported by
grants from the MRC, ARC, Wellcome
Trust, and National Fund for Research into
Crippling Diseases.
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Lean, dry gout patients
L. GAIL DARLINGTON
From the Epsom District Hospital, Epsom, Surrey

Hypertriglyceridaemia is common in
gout.' 2 Obesity may increase
triglyceride concentrations, as may
alcohol,3 but it remains uncertain
whether obesity and alcohol, alone or
in combination, are sufficient to
explain the hyperlipidaemia in all
cases. We looked for abnormal lipid
concentrations in non-obese patients
with gout who drank little or no
alcohol to determine whether the
hyperpre betalipoprote inae mia
associated with gout occurred in such a
lean and abstemious group.
All patients were of desirable weight
or less for their age and frame4 and no
patient drank more than one pint of
beer per day or its equivalent. Such
patients are rare, and only seven were
found in four years from a busy clinic.
Fasting concentrations of lipid and
lipoprotein were measured in serum at

a laboratory with its own control
population.5 Serum uric acid
concentrations were determined for

the patients with gout but
unfortunately data for the control
population were not available.
Readings for serum cholesterol,
triglyceride, /-lipoprotein and prebeta
lipoprotein concentrations in the
patients with gout lay within 2
standard deviations of the
corresponding mean for controls. This
means that they were within the 95%
confidence limits for the control
population and it is therefore unlikely
that there is any real difference
between the patients with gout and
control populations.
In spite of the small numbers of
these, 'lean, dry' patients, the results
revealed no intrinsic hyperlipidaemia
in subjects with gout when obesity and

an excess of alcohol were removed as
causes of hypertriglyceridaemia.
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Cardiovascular disease and gout: a function of sex and
age?
D. G. MACFARLANE

From the University Department of Medicine, Bristol Royal Infirmary, Bristol

Hypertriglyceridaemia is common in
patients with gout and hyperuricaemia
but it is still not known whether this
results from a link between purine and
lipoprotein metabolism or whether

they occur together due to other
associated facts, particularly obesity
and high alcohol intake, both of which
are commonly found in patients with

hyperuricaemia.' Nor is it firmly
established whether patients with gout
are, in fact, predisposed to premature
cardiovascular disease, and, if so,
whether the raised serum uric acid
concentration operates as an
independent risk factor, or only via its
association with hypertriglyceridaemia and hypertension, which

are established as cardiovascular risk
factors in their own right.2 Another
possibility-namely, that a raised
serum uric acid concentration causes
platelet hyperaggregatability and
hence thrombosis-has recently been
investigated in our unit with negative

results.3
Over a period of two and half years
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60 patients have presented to our
rheumatology department with gout:
51 men, mean age 55-2 years and
mean age of onset 46-6 years and nine
women, mean age 80 years and mean
age of onset of 78-6 years. We studied
the prevalence of hyperlipidaemia,
hypertension, obesity, and
cardiovascular disease in these two
groups.
men but none of the
had a significant
hyperlipidaemia. Triglycerides were by
far the most common lipids (type IV)
to be raised, being found in 13 of the
18. Four had hypercholesterolaemia:
two type IIa and two type Ilb (serum
triglycerides also raised). One patient
had a pronounced rise of serum
triglyceride and cholesterol due to
accumulation in serum of intermediate
density lipoproteins, type III
hyperlipidaemia or broad ,8-disease.
Six men described themselves as
teetotal, but three of these had a
hyperlipidaemia. One had type Ila and
had had a myocardial infarction at the
age of 42, the other two had type IV.
One of these, the hospital's appliance
officer, was within the range of his
ideal body weight and therefore

Eighteen

women

corresponded to those patients
described by Dr Darlington (p. 90)
with lean, dry gout. The other was
massively overweight at 144 kg. None
of the women drank on a regular basis
but several did admit to the occasional
sherry at Christmas, or the odd glass of
Guinness as a 'tonic'. Only one of the
women was above her ideal body
weight, the remainder tending to be
thin and frail.
Twenty men and two women had
hypertension, defined as a resting
diastolic blood pressure above 100
mmHg on two or more occasions, or
receiving established treatment for
hypertension. The patients were
questioned about history of myocardial infarction and symptoms of
angina. They were examined for signs
of peripheral vascular disease and all
underwent electrocardiography. On
this basis 10 men and three women had
appreciable cardiovascular disease.
This did not correlate with hyperlipidaemia except in the two patients
with type hIa, and nor did it correlate
with hypertension.
These observations are on a small
number of patients and the study was
uncontrolled, but the interesting fact

that emerges is the great disparity in
the ages of the men and women
presenting with gout and the virtual
absence of associated factors such as
obesity, hypertension, and
hyperlipidaemia in the elderly women.
This could be interpreted as implying
two quite separate disease processes in
the two groups. It may be significant in
this regard that all the women were
receiving potent diuretic treatment.
An alternative explanation could be
that women are much more prone to
cardiovascular disease in association
with gout and many had died at a
younger age; this, however, is contrary
to clinical experience.
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Study of blood coagulation in gout patients
D. A. LANE, AND L. G. DARLINGTON
From the Charing Cross Hospital, London, and Epsom District Hospital, Epsom, Surrey
Patients with gout have vascular risk
factors such as hyperlipidaemia,
hypertension, 'type A' personality,
and, possibly, hyperuricaemia,
obesity, and glucose intolerance. We
used a modern method to seek
abnormalities of coagulation in
patients with gout.
Twelve fasting men with primary
gout were studied. Patients were asked
to take no medication, particularly
aspirin, for the two weeks preceding
the tests. No patients were included
within three months of trauma or
atraumatic
venepuncture technique was used.
surgery

and

an

Assays were performed to
fibrinopeptide A (FpA)' with

Table 1 Comparison of mean data from patients with gout and from
controls

FpA (pmol/1):
No.
Mean
SD

Controls

Patients
with gout

Significance

13
0-98
0 29

10
1-53
0 77

NS

10
1-65
0 63

9
2-92

NS

9
1-00
0 28

12
1 58
1 81

FpB,81-42 (pmol/l)
No.
Mean
SD

,3TG (pmoVI)
No.
Mean
SD

NS

=

Not significant.

1i85
NS
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modifications,2 to fibrinopeptide
f3,81-42) (FpB,81-42)3 with
and
to
modifications2
,8-thromboglobulin (,ITG)4 with
tnodifications.2 Serum cholesterol and
triglycerides were measured direct5
while high density lipoprotein
cholesterol (HDLC) was estimated
-by precipitation of 13-and
and
prebeta-lipoproteins
measurement of cholesterol in the
a-lipoprotein.'
Data from these patients were
compared with data from age-matched
controls (Table 1). No significant
differences between patients with gout
pnd controls were found.
Spearman rank correlation
coefficients were calculated between
FpA, FpB,81-42 and BTG and lipid
concentrations, alcohol consumption,
and weight as the data on alcohol and
weight tend not to be distributed

normally. There were only two
significant correlations--that is,
cholesterol in mmol/l with FpA in
pmolll and HDLC in mmol/l with
FpB,/1-42 in pmolIl (p<0- 05).
Correlation results must be
considered with care as this was a study
on small numbers of patients.
Furthermore, it must be remembered
that abnormalities of coagulation
detected in vitro are not necessarily
present in vivo nor do they necessarily
have a causal relationship with
thrombosis.
We concluded that modern methods
to assess coagulation and platelet
function did not show any significant
abnormalities in patients with primary
gout.
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Long term comparison of azapropazone with
allopurinol in control of chronic gout and
hyperuricaemia
J. S. TEMPLETON

From the International Clinical Research Department, A. H. Robins Co Limited

Allopurinol is the standard agent used
to lower serum urate concentration
and does so by its ability to inhibit
xanthine oxidase. Azapropazone is a
non-steroidal anti-inflammatory drug
(NSAID) that has been shown to
inhibit urate monohydrate
crystal-induced inflammation in the
rat and in man,' to reduce serum
urate concentration in patients with
rheumatoid arthritis, chronic gout, and
hyperuricaemia2 and to be effective in
the treatment of both acute and
chronic gout.3
In this study, 24 separate
investigators recruited suitable
patients with chronic gout or
hyperuricaemia or both who had been
receiving allopurinol treatment
satisfactorily for at least three months
before entry to the study. Patients
were then allocated to one of two
treatment groups, either continuing to

receive allopurinol and followed up
every two months for up to six months,
or starting azapropazone 600 mg
twice daily and seen roughly every
month for up to six months. Both
groups were comparable in respect of
age, sex, duration of disease,
allopurinol dose at entry, diagnosis,
and eligibility for the study.
Data is so far available on 155
patients who changed to
azapropazone and 122 who
continued to receive allopurinol.
Control of serum urate concentration
was comparable in both groups (Table
1). In both groups, serum urate
remained remarkably constant with
two points worthy of mention.
(1) Azapropazone lowered urate
concentration slightly after two weeks
and indeed further studies are planned
to see if this in fact occurs earlier than
two weeks.

(2) There is no evidence of increase
in serum urate concentrations in those
patients who changed from allopurinol
to azapropazone. This is contrary to
the findings in a group of patients in
whom allopurinol treatment was suddenly discontinued.4
During the study period acute
attacks of gout were less frequent in
those patients taking azapropazone
than in those who continued to take
allopurinol. Indeed, an 'attack rate'
during the first four weeks of study in
those patients from both groups who
could be classed as susceptible-that
is, those with positive history of acute
gout-showed no acute attacks in 109
patients receiving azapropazone and
six acute attacks in 103 patients
receiving allopurinol.
Adverse effects, particularly
relating to the upper gastrointestinal
tract, occurred more often in patients
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receiving azapropazone and there was Table 1 Serum urate concentration oftreated patients (normal values O14-045
also a higher prevalence of abnormal mmol/l)
renal function (judged by raised blood
urea or serum creatinine or both) in
Time (weeks)
0
4
8
12
16
24
this group. Analysis of the data on
renal function, however, reveals that
in the group treated with Azapropazone:
No of patients
133
122
azapropazone the increase in urea or
Serum uric acid (mmol/1):
creatinine occurred principally during
Mean
0-385 0 375
the first two weeks of treatment and
SD
0-114 0 094
did not rise further.
Allopurinol:
No of patients
In addition, out of 32 patients
116
Serum uric acid (mmol/l):
changed to azapropazone who were
Mean
0-362
receiving additional analgesics at the
SD
0-150
start of the study, 22 were
able to stop this analgesic(s), 10
continued them, and five more
had to start taking-usually treatment for
and chronic gout
intermittently-additional analgesics. and it provides acute
a considerable measure
who
continued
Of 39 patients
taking
analgesic effect, which allopurinol 2
allopurinol, nine were able to stop of
cannot
do, for those patients who have
additional analgesics, nine continued
on the same additional analgesics as painful concurrent degenerative joint
such as osteoarthritis, cervical
before, and 21 had to start treatment disease
spondylosis, backache, etc.
with an additional analgesic.
Thus, azapropazone would appear
3
to be a useful alternative drug for the References
long term control of patients with
chronic gout or hyperuricaemia, or 1 Dieppe P A, Doherty M, Whicher J T, 4
both. Its two possible important
Walters G. The treatment of gout with
advantages are that it is a single drug
azapropazone: clinical and experimental

106

108

90

96

0-383
0-101

0-388
0-098

0-401
0-110

0-396
0-120

113

105

105

0-341
0-106

0-328
0-084

0 345
0-103

studies. European Journal of Rheumatology and Inflammation 1981; 4: 392-400.
Thomas A L, Majoos F L, Nuki G. Preliminary studies with azapropazone in
gout and hyperuricaemia. In: Fenclofenac in arthritis. Proceedings of 19th
European Congress of Rheumatology,
Wiesbaden 1979. London: Royal Society
of Medicine.
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Gout with apparent resistance to allopurinol
T. GIBSON, H. A. SIMMONDS, A. V. RODGERS, G. J. HUSTON, D. R. WEBSTER,
J. MUNRO, AND P. EMERY

From Guy's Hospital, London SEJ

The dose of allopurinol necessary to
induce sustained normouricaemia in
gout rarely exceeds 300 mg daily. We
describe a patient with apparent
resistance to conventional doses of
allopurinol and probenecid. The study
was designed to evaluate the response
to varying doses of allopurinol and to
determine
whether
the
hyperuricaemia and the reported lack
of effect of allopurinol were related to
some unusual disturbance of purine
metabolism.

intra-articular urate crystals for 20
years. Various combinations of
anti-inflammatory and hypouricaemic
drugs had failed to exert a detectable
effect on his recurrent arthritis. At the
time of referral he was obese but
exhibited no tophi and was
normotensive. One brother had a
history of gout. His alcohol
consumption was modest, though he
had transient liver dysfunction; liver
biopsy showed no abnormality.
Glomerular filtration rate (5"Cr
EDTA) was normal at 100
CASE REPORT
ml/min/1 73 m2 but his urine was of
A 51 year old man had experienced constant pH and renal concentrating
intermittent episodes of gout ability was impaired. He was admitted
confirmed by the demonstration of to hospital on three separate occasions

for investigation. After four days on a
low purine, caffeine free diet he
underwent five periods of treatment
with allopurinol in doses increasing
from 200 mg to 1200 mg.
Each treatment period lasted a
further four days except the last ( 1200
mg/day), which was curtailed after two
days. The studies were conducted in a
metabolic ward. Table 1 shows the
results of daily investigations
conducted before and during each
treatment period. Estimations of uric
acid, purines, and allopurinol
metabolites were performed as
previously described.' 2 Red cell
lysates were investigated for enzyme
deficiencies, which are ackniowledged
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Table 1 Results of investigations during three hospital admissions. On each occasioni, the patienit received a lowZ purine diet

fbr four days, without treatment, followed by varying doses of allopuriniol
Dose of'
allpuriniol

(ing)
()

20
300
600

0)
9((

Uriniary

Plasia
uric aci(d
(mtnol/1)

uric acid
(mmol 24h)

0 70
0 76
0 67
0 86
0- 85
0-66
0 45
0 28

4
3
4
1
1
4
4
3

7
4
2
5
92
3
4
4

Urate
clearance

(mllnin)
47
31
44
1 2
1 6
45
69
84

4-96
3 92
43
1 74
2 22
4 43
4 82
4 74

120(0(
Conversion.SI to traditional units- Uric acid: I mmoV!1
causes of hvperuricaemia. Red cell
nucleotide concentrations were also

estimated.'
On a low purine diet, plasma uric
acid concentration was always grossly
raised. Allopurinol in daily doses up to
600 mg caused a further rise in plasma
urate wvhich was associated with a fall
in excretion of uric acid and a
concomitant reduction of urate
clearance. Urate clearance corrected
for creatinine clearance (not shown)
also fell, suggesting that the rise in
blood uric acid was secondary to
impaired clearance. By contrast, with
doses of 900 to 1 200 mg plasma urate
fell and urate clearance increased.
During the first two admissions the
ratio of urine hypoxanthine to
xanthine was raised before treatment
(normal - 1-5:1), suggesting increased
de novo purine synthesis. Normally,
allopurinol treatment results in an
increase of urine hypoxanthine and
especially of xanthine with a fall of
their ratio to values of ' 1 0:1. This
was not observed, and the percentage
of total allopurinol metabolites
recovered in the urine was
exceptionally low. On the other hand,
plasma oxipurinol concentrations
were consistent with those expected of
patients receiving allopurinol.
Hypoxanthine guanine phosphoribosyl transferase (HGPRT), and

phosphoribosylpyrophosphate synthetase (pPribose P synthetase) activities
were normal as were erythrocyte
nucleotide concentrations.

Total urine

oxypurinees
(mmol/24h)

-

17 mg/100 ml; 1

Uritne
hspoxianthiie.

Allopurinol

ranthine ratio

tmetabolites
("¼/ of dose)

3. 3

-

1
3
2
1
0

Plasma
oxipurinol

(p.mol/l)

26

5
5
4
6
83

-

-

8
7

17
50

-

-

0(66

7

0 45

18

20
35

mmoVI24 h-

COMMENT

We have previously reported that this
patient was unresponsive to
conventional doses of allopurinol. 3It is
now apparent that high doses of the
drug will reduce his blood
concentration of uric acid. Others have
noted that the daily dose of allopurinol
necessary to produce nomouricaemia
occasionally exceeds 300 mg.4 but
doses up to 1000 mg are sometimes
necessary.5 The anomalous results
obtained in this study raise several
questions. The low recovery of urine
allopurinol metabolites suggests that
the patient failed to ingest the
allopurinol (unlikely under conditions
on a metabolic ward) or did not absorb
it.
As plasma oxipurinol
concentrations were in accord with
those normally achieved after
conventional allopurinol doses it is
also possible that there was a failure to
excrete metabolites in the usual
fashion. The paradoxical rise in plasma
uric acid on lower doses of allopurinol
appeared to be caused by a further
reduction of an already reduced urate
clearance. The high hypoxanthine
concentrations and the increased
hypoxanthine to xanthine ratio suggest
that the patient was an overproducer
of uric acid. However, the normal
enzyme and nucleotide concentrations
would exclude any of the known
causes of purine overproduction.
The lack of response to allopurinol
and the low concentrations of urine
metabolites are unique observations.

0 17

mg/24 h.

Investigation of other patients
requiring large doses of allopurinol
may reveal identical anomalies.
Patients whose unresponsiveness to
allopurinol has been attributed to poor
compliance may also be similar
examples. It remains to be seen
whether the patient described here is
representative of a previously
unrecognised group of patients with
gout.
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Coexistent tophaceous gout and ankylosing spondylitis
I.

PORTEK, B. P. WORDSWORTH, AND A. G. MOWAT

From the Rheumatology Unit, Nuffield Orthopaedic Centre, Oxford

There has recently been considerable
interest in the rare coexistence of gout
and other inflammatory arthridites.'3
We report the first case of tophaceous
gout and anklyosing spondylitis.
CASE REPORT

A 62 year old man was admitted in
June 1982 with persistently active
polyarticular tophaceous gout and
pronounced pedal oedema due to
congestive cardiac failure.
The first attack of right podagra in

1969 was followed by progression to a
symmetrical chronic arthritis, initially
affecting only the lower limbs, and he
was treated with various non-steroidal
agents as well as colchicine. In 1976
arthritis developed in several
predominantly distal interphalangeal
joints of both hands associated with
tophi. Allopurinol was added to his
treatment regimen, resulting in
exfoliative dermatitis. Upper limb
involvement progressed to wrists,
elbows, and shoulders, sparing all
metacarpophalangeal joints. Further
symptomatic deterioration followed a
myocardial infarction in 1978 with the
introduction of diuretic treatment.
There was persistent hyperuricaemia
and enlargement of tophi. He was
placed on high doses of probenicid,
which was changed to sulphinpyrazone
after a poor response.

In 1965 he had suffered from low
back pain radiating to his thighs.
Although symptoms were attributed
to mechanical back pain and a corset
was prescribed, review of the
radiographs showed bilateral
sacroiliitis. Pain improved over the
next 18 months and axial symptoms
had only recurred in the past few years,
within neck stiffness and a stooped
posture.
On examination he was overweight
with a pronounced dorsal kyphosis.
Movements of the cervical and lumbar
spine were considerably limited. Chest
expansion was 1 cm. Most joints
except metacarpophalangeal and hip
joints showed chronic inflammatory
arthritis. The interphalangeal joint of
his right thumb was acutely
inflamed. Tophi were present on
several digits and on the pinna of the
ears. There was cardiomegaly but no

evidence of aortic incompetence or
heart failure. Pitting oedema to his
knees was associated with eczematous
skin changes.
X-ray films of the hand showed
tophaceous gouty arthritis and the
sacroiliac joints showed typical
changes of progressive ankylosing
spondylitis. Before admission the
serum uric acid was persistently
raised-for example, 0-778
mmol/l-at admission it was 0 484

mmolIl. 24 hour urate excretion was
4-8 mmol (3.5-4.2 mmol) without
purine restriction and taking sulphinpyrazone 200 mg four times daily.
Blood urea was raised (9 4 mmol/l
(2*5-6.7 mmolIl)) and creatinine
clearance decreased (45 ml/min (105
ml/min)). He was HLA-B27 positive.
The absence of previous reports of
the coexistence of these two diseases is
surprising considering their high
incidence in men, their relative
frequency in the population and the
fact that neither joint involvement nor
serological examination would result
in the diagnosis of one condition in
preference to the other.
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Normal response to monosodium urate (MSU)
crystals by patients with rheumatoid arthritis
MICHAEL DOHERTY, JUNE HORNBY, AND PAUL A. DIEPPE
From the University Department of Medicine, Bristol Royal Infirmary, Bristol BS2 8HW

It has been suggested that the negative
correlation between rheumatoid
arthritis and gout might result
from inability of patients with

rheumatoid arthritis to respond to
monosodium urate (MSU) crystals,
perhaps due to crystal coating by
rheumatoid factors with subsequent

exclusion from interaction with
cellular and non-cellular mediators of
inflammation.' To test the validity of
this hypothesis we investigated the
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ability of patients with rheumatoid
arthritis to respond to preformed
crystals using both in vivo and in vitro
techniques.
Needle-shaped MSU crystals 2-10
,um long were prepared by
modification of the method of
Seegmiller et al. 2; chemical purity was
checked by infrared spectrophotometry. Crystals were suspended
in sterile saline (skin testing and C3
activation) or Eagle's medium (polymorphonuclear (PMN) interaction)
and briefly sonicated before use to
reduce aggregation.
(1) Intradermal skin testing. The
diameter of erythema produced by
intradermal injection of MSU crystals
(5 mg in 0 2 ml suspension) was
measured by a single observer as
previously described.' Fifteen patients
with seropositive rheumatoid arthritis
(mean age 49-1 years, mean DAT
1:640), 15 patients with osteoarthritis
(mean age 63-8 years), and 12 normal
controls (mean age 26-2 years)
showed no significant difference in
mean forearm erythema 24 and 48
hours after injection (patients with
rheumatoid arthritis: 29-8±6-2 mm
after 24, 27-8 ± 7-3 after 48; patients
with osteoarthritis: 32-4 ± 4-4 and

14-7 + 81; and controls 122 + 6,
10 8+ 5-1).
(2) Polymorph phagocytosis and
enzyme release. PMNs from patients
with rheumatoid arthritis (n = 1 0) and
controls (n = 10) exposed to MSU
crystals (1%) for 1 hour showed no
significant difference in cell
attachment/phagocytosis, enzyme
release or viability.
(3) Complement activation. Serum
C3 activation produced by 30 minutes'
incubation with MSU crystals (1'Yo)
was quantified by densitometry after
electrophoretic separation and
immunofixation as previously
described.4 No difference was
observed between 10 patients with
rheumatoid arthritis (mean DAT
1: 640) and 10 normal sera in the 'Yo of
C3 split in excess of saline control
(37-8 - 4 9% and 36-7 -+- 32%
respectively). C3 activation via the
alternative pathway-demonstrated
by incubation with EGTA (8 mmol)
and MgCl2 (0.3 mmol)-was also
similar (21-1 + 4-2% and 18 5 +
3-1% respectively).
These results show that patients
with seropositive rheumatoid arthritis
mount normal in vitro and in vivo
inflammatory responses to MSU

crystals. We therefore discount
previous suggestions that the negative
correlation between rheumatoid
arthritis and gout results from a
difference in host response. A more
plausible explanation is that the
connective tissues of patients with
rheumatoid arthritis are not conducive
to MSU crystal formation.
We would like to acknowledge the
financial support of the Arthritis and
Rheumatism Council.
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Ultrastructural observations of crystals in articular
cartilage of aged human hip joints
IRENIA MARANTE, R. MACDOUGALL, A. ROSS, AND R. A. STOCKWELL
From the Department of Anatomy, University Medical School, Edinburgh EH8 9AG

The occurrence of calcification in the
normally uncalcified zones of human
articular cartilage is well documented'
and crystal morphology at the
ultrastructural level in osteoarthritic
cartilage has been described by earlier
workers.2 We showed the presence of
crystals, probably apatite, in
macroscopically normal articular
cartilage of the aged human hip joint.
Femoral heads were obtained from
eight women undergoing operation for
hip arthroplasty after subcapital
fracture. Ages ranged from 65 to 91
years and in four cases fracture of the
femoral neck had occurred the day

before operation. The cartilage of the
whole femoral head appeared smooth,
though in several specimens a small
area about 3-4 mm diameter beneath
the fovea showed minimal fibrillation.
Tissue blocks of smooth cartilage from
the superior and inferior surface of the
femoral head were fixed in
glutaraldehyde, stained with osmic
acid, and embedded in araldite. Thin
sections were stained with uranyl
acetate and lead citrate and examined
by transmission electron microscopy.
Unstained sections of non-osmicated
tissue fixed in unbuffered 10%
formaline were also examined.

Crystals were found in all
specimens, occurring singly or
occasionally in clusters. They were
mostly 0-2 Am in diameter but varied
from about 0-05 to 15 um. They were
often polygonal or rounded in shape
but many had a sharply angled square
contour and were considered to be
cuboidal. Several crystals were
enclosed by an electron dense lamina,
possibly a membrane, adherent to the
surrounding cartilage matrix. Many
'empty' areas lined by a similar dense
lamina were observed; these
corresponded in size and shape to the
crystals. This may have been due to
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loss of crystals occurring either during
tissue preparation or in vivo. Crystals
were situated either randomly in the
matrix, many of them within a few
micrometers of the articular surface,
or around the cells. Although the
number of crystals varied, this did not
seem to be related to the time interval
between the fracture and the sampling
of the tissue.
X-ray emission microanalyses of
crystals (n = 10) in formalin fixed
sections showed calcium and
phosphorus. The ratio of calcium to
phosphorus, uncorrected for
absorption, fluorescence, and atomic
weight was 1-95 (SD 0 30), suggestive
of apatite rather than pyrophosphate

deposits.

Ultrastructurally articular surfaces
were often roughened, though smooth
to the naked eye, and showed
infiltration with electron dense
material. They were only rarely
fissured. In many specimens the
superficial collagen fibrils retained the
normal density of packing and
orientation tangential to the surface.
More deeply, the fibres could show
some disorganisation. Flattened
chrondrocytes were often present in
the superficial zone. Chrondrocytes in
deeper tissue contained irregular
lobed nuclei and several lipid droplets
in addition to active Golgi and
endoplasmic reticulum.
Crystal deposition in the hip joints
of these women may be related to

osteoporosis, and this requires further
investigation. Localisation of the
crystals within the cartilage
(superficial zone and pericellular
regions) corresponds to sites of
extracellular lipid in aging articular
cartilage generally. Perhaps the most
noteworthy features are the
occurrence of crystals in non-arthritic
hip joints, and their occurrence in all
the elderly women in this group.
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Ultrastructural studies of pyrophosphate crystal
deposition in articular cartilage
S. Y. ALI,' S. GRIFFITHS,1 M. T. BAYLISS,' AND P. A. DIEPPE2
From the 'Institute of Orthopaedics, Royal National Orthopaedic Hospital, Stanmore, Middlesex, and 2Bristol Royal

Infirmary, Bristol
The mechanism of calcium
pyrophosphate crystal formation in
the articular cartilage of patients
suffering from this crystal deposition
disease has not yet been fully
elucidated. It has been suggested that
the earliest pyrophosphate crystal

deposition is adjacent to chondrocyte
lacunae' and has been supported by
light microscopical studies.
Ultrastructural studies have also been
performed on cartilage from patients
with chondrocalcinosis but they have
been restricted to the study of the
changes in the matrix.2 We have
embarked on an electron
microscopical study of articular
cartilage specimens from patients with
calcium pyrophosphate crystal
deposition disease and have combined
it with electron probe analysis of the
crystals to determine their chemical
composition.
By using modified staining
techniques it is now possible to show
crystals in ultrathin sections of
cartflage. Large islands of crystals were
seen in the matrix, confirming earlier
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Fig. 1 Electron microscopical picture of two chondrocytes in the matrix of
articular cartilage specimen obtained from the knee of a patient with calcium
pyrophosphate crystal deposition disease (70 year old woman). Note that some of
the crystals are adjacent to the chondrocyte and are present within the lacuna. Both
the cells have an abnormal amount of glycogen in the cytoplasm. The appearance
of the matrix is also abnormal. 'xS500 (original magnification).
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observations on light microscopy.
More interestingly, smaller crystals
were seen pericellularly and in the
intercellular matrix. Some crystals
were seen adjacent to the
chondrocytes and located in the
lacuna (Fig. 1). Electron probe
analysis of the crystals in various
locations, and differing in size, gave a
consistent calcium to phosphorus ratio
of approximately 1-15: 1 similar to that
of the calcium pyrophosphate
standard. This ratio is quite different
and much lower than the ratio of
calcium and phosphorus in the three
different types of apatite crystals
found in human osteoarthritic
articular cartilage.4 5
There were various non-specific
changes in the cells and in the matrix
components that were indicative of a
rapidly degenerating cartilaginous
tissue. Thus there were focal changes
in the staining of the collagen and
proteoglycan particles which gave the
matrix, in some areas, a more granular
appearance unlike the ordered,
fibrous nature of normal cartilage
matrix. In other areas there was a
band-like, collagenous encapsulation

of the lacuna area, which contained
several cells in a cluster. Extracellular
matrix vesicles were absent in many
areas but were sometimes seen pericellularly in focal areas where chondrocyte degeneration and necrosis was
evident.
In terms of chondrocyte
morphology two changes were
particularly noticeable. Firstly, some
cells showed abnormally large islands
of glycogen in the cytoplasm (Fig. 1).
Secondly, other chondrocytes showed
abnormal increase in the amount of
rough endoplasmic reticulum. If these
observations are true it may imply
increased synthesis of glycogen and
other cartilage constituents. Inorganic
pyrophosphate is a byproduct of many
metabolic activities, and biosynthetic
pathways, and this has been implicated
by others as a mechanism for the
formation of excess pyrophosphate in
some tissues and fluids. From our
observations we can only suggest that
the calcium pyrophosphate crystals
seen in the vicinity of chondrocytes
may be formed by the interaction of a
cellular product and some matrix ion
or component. Further studies on the

quantitative analysis of the level of
pyrophosphatase-type enzymes in
normal and degenerative cartilage are
under way to see if the accumulation of
pyrophosphate in the tissue is due to
the lack of a specific degradative
enzyme.
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Studies of pyrophosphate metabolism in relation to
chondrocalcinosis
A. M. CASWELL, M. K. B. McGUIRE, AND R. G. G. RUSSELL

From the Department of Human Metabolism and Clinical Biochemistry, University of Sheffield Medical School, Sheffield
S10 2RX
In an attempt to understand the

pathogenesis of chondrocalcinosis

we

have examined various aspects of the

metabolism of inorganic
pyrophosphate (PPj). Using a highly
sensitive radiometric assay,' we
determined the concentration of PPi in
serum and plasma and in cultured cells
derived from normal individuals and
from patients with chondrocalcinosis
to identify any abnormality in PPi
metabolism. We also examined the
intracellular metabolism of PP1 in
cultured articular chondrocytes and
meniscus cells derived from normal
individuals to define the factors that
influence the intracellular production

and breakdown of PPi. In addition, we
studied the extracellular metabolism
of PPi by these cells to define whether
PP, can be produced outside cells
and/or can cross the cell plasma

membranes.

In agreement with the findings of
earlier studies,2 I we observed no
differences in the serum and plasma
concentrations of PP1 between normal
individuals and patients with
chondrocalcinosis. Similarly, in
cultured skin fibroblasts, we failed to
observe any difference in the content
of PP1 between cells derived from
normal individuals and those derived
from patients with chondrocalcinosis.

In contrast, the amounts of PP, in
cultured articular chondrocytes and
meniscus cells derived from patients
with chondrocalcinosis were
substantially higher than the PP,
contents of these cell types derived
from normal individuals, especially
during primary culture. However, this
may not necessarily reflect a change in
intracellular PP1 metabolism in these
cell types in this condition, as it may be
due to the continued presence of
calcium pyrophosphate crystals that
were present in vivo. For example, in
one such culture derived from a
patient with chondrocalcinosis crystals
resembling triclinic calcium
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pyrophosphate dihydrate (CPPD) calcium influx into cells, increased
were observed in the cell layers and their intracellular PP1.
One potential intracellular source of
these slowly disappeared with time in
culture. Moreover, medium samples PPi is as a byproduct of the
obtained from cultures of articular biosynthesis of glycosaminoglycans.
chondrocytes and meniscus cells We observed an increase in
derived from two patients with intracellular PPi in chondrocytes
chondrocalcinosis contained very high following treatment of the cells with
concentrations of PP, initially but the xyloside, 4-methylumbelliferylthese declined rapidly with time. ,B-D-xyloside, which stimulates
Careful interpretation is therefore glycosaminoglycan biosynthesis.
needed when apparently high Interestingly, the intracellular PPi
concentrations of PP, are found in concentration of chondrocytes and
cultured articular chondrocytes and meniscus cells also increased in the
meniscus cells derived from patients presence of tunicamycin, an inhibitor
with chondrocalcinosis, as these may of glycosylation. This suggests that
simply reflect the continued presence blocking of glycosylation and release
of CPPD crystals that are trapped in of macromolecules from the cells
the monolayer and are gradually might also impair the release of PP,
washed away with each change of from cells.
Taken together, these observations
medium. These findings give little
direct evidence for a specific increase demonstrate that PP, concentrations in
in the PPi content of cells derived from chondrocytes and meniscus cells can
patients with chondrocalcinosis, be altered by a variety of
though it should be pointed out that manipulations, which implies that the
none of our patients had recognisable PP, concentrations of these cell types
are under metabolic control and are
hereditary forms of the disease.
In studies of the intracellular influenced by the extracellular
metabolism of PP1, we have examined environment. The influence of the
the influence of a variety of agents on extracellular calcium concentration
cultured normal human articular may be particularly important in
chondrocytes and meniscus cells. We relation to the pathogenesis of
observed that increasing the medium chondrocalcinosis and is of interest in
phosphate concentration from 1 relation to the known association
mmol to 2 mmol or 10 mmol in the between chondrocalcinosis and
presence of 1- 3 mmol calcium hyperparathyroidism.4
resulted in an increase in the
In studies of the extracellular
intracellular PPi content of metabolism of PP1, we observed that
chondrocytes.
added 39P-labelled PP, was only slowly
In the presence of 10 mmol removed from the medium on cultures
phosphate, the intracellular PP1 values of normal human articular
were similar in the presence of 0 4 chondrocytes such that about 20% of
mmol, 1- 3 mmol, or 1 8 mmol calcium the added tracer was still present in
in the medium. When the calcium the medium even after 48 fiours.
concentration was reduced to a low Moreover, 32P-labelled ortholevel, the intracellular PPi phosphate (P1) in the medium
concentration also fell. Treatment of appeared to account for a substantial
chondrocytes or meniscus cells with fraction of the loss of label from PPi.
oligomycin, an inhibitor of oxidative Hence it would appear that hydrolysis
phosphorylation which promotes of PP1 to Pi is the major mechanism for

the removal of PP, from the medium
but that the ability of these cells to
hydrolyse extracellular PP1 is limited.
During short term incubation (11
hours) of washed monolayers of
normal human articular chondrocytes
in medium without serum, we
observed the release of small amounts
of PP, into the medium, but the exact
source of this PP, is not known. Much
larger amounts of PP, were generated
extracellularly following the addition
of adenosine triphosphate (6-25-400
,umol) to the medium without serum
for 14 hours. This effect is probably
attributable to the action of a
nucleoside triphosphate pyrophosphohydrolase present on the
outside of the cells. This observation
suggests that human articular
chondrocytes possess a substantial
capacity for the extracellular
generation of PP,. This mechanism
might be important in the
pathogenesis of chondrocalcinosis as it
would provide a means of producing
PPi outside cells in the presence of
nucleoside triphosphates, which in
turn might be derived by leakage from
damaged cells in the neighbourhood.
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In vitro growth of calcium pyrophosphate crystals in
polyacrylamide gels
J. E. HARRIES,' P. A. DIEPPE,' P. HEAP,3 J. GILGEAD,' M. MATHER,' J. S. SHAH'
From the University Departments of 'Physics, 2Medicine, and 3Anatomy, Bristol

Pyrophosphate arthropathy is CPPD(T) identified by x-ray powder
characterised by the presence of diffraction. By varying the initial pH of
microcrystalline deposits of calcium the gel from pH 55 to pH 85 at 60°C,
pyrophosphate (CPPD) in articular it was found that growth of CPPD(T)
tissues.' The crystals occur in two was favoured by slightly alkaline
crystallographic forms-namely, conditions.
monoclinic (CPPD(M)) and triclinic
The crystal deposits formed in layers
(CPPD(T)). No other crystal species within the gel, collectively known as
of calcium pyrophosphate has been Liesegang rings. Addition of BDH
found in vivo.
universal indicator revealed an
This is surprising, as in vitro studies increase in acidity with depth of
performed under simulated approximately 3 pH units. This
physiological conditions most often increase was not entirely uniform but
yield the orthorhombic form of the altered sharply by up to 0-2 pH units,
tetrahydrate, CPPT(O),2 although at the edges of the Liesegang rings.
prolonged incubation may yield These observations imply that crystal
CPPD(M) and CPPD(T).3
deposition is closely linked to the pH
Crystal deposition in vivo is of the immediate surroundings.
restricted to pathological hyaline
A disadvantage of using a gelatin
cartilage, fibrocartilage, and synovium hydrogel as a model system is that it
and this has led to speculation that degrades above 30°C to become a
the physicochemical properties of viscous liquid and is therefore
connective tissue are important in unsuitable for investigating crystal
nucleation and crystal growth.4 In vitro deposition at physiological
models, using gelatin and silica temperatures.
hydrogels, have therefore been
We have therefore used a
developed in an attempt to represent polyacrylamide gel which retains its
the physical properties of the tissue structural properties even above body
matrix.5
temperature.
Using gelatin gels at room
Preparation of the gel involves
temperature we investigated the mixing equal volumes of 2-8 mmol
dependence of the crystal form on the Na,P207 and 10% w/vpolyacrylamide
calcium ion concentration and the solution (made by dissolving 10 g
critical pH. Preliminary studies have polyacrylamide and 0 365 g
revealed local changes in pH NN'dialkyltartardiamide in 100 ml
accompanying crystal deposition.
distilled water). TetramethylThe gels were prepared using the ethyldiamine (0-25 ,ul/10 ml solution)
method of Pritzker et al.,' whereby a is added and the pH adjusted to besolution of CaCl2 is layered on top of tween pH 6 and pH 7 with 10 N
the gel, previously soaked overnight in HCI/NaOH. Polymerisation is
2-8 mmol Na4P2O7 and the pH induced with 0 25 ull/ 10 ml solution of
adjusted at 60°C using 0-1 mol ammonium persalphate. After gelaNaOH/HC1.
tion, typically 10-15 minutes, neutral
Using 0-2 mol CaCl2 resulted in the 0-2 mol CaCl2 is carefully poured on
formation of both CPPD(T) and top of the gel, which is then incubated
CPPT(O) after a period of three at either room temperature or 37°C
weeks. However, careful for up to three weeks.
concentration programming, by which
After one week small discrete
0 02 mol C. Cl2 is added to the crystallites were observed throughout
supernatant daily until nucleation the gel, although there was no
occurs (the solution then being made evidence of any Liesegang rings, so
up to 0 2 mol CaCl2) yielded only prevalent in gelatin gels. The

crystallites were extracted by placing
the gel into a continuously stirred 2%
solution of NaIO4 for two hours; the
crystals were recovered from solution
by filtration.
Optical microscopy performed on
the crystallites within the gel revealed

essentially different
morphologies; one dendritic, the other
spheroidal (or in many cases toroidal)
two

hollow shells.

X-ray powder diffraction of crystals
grown at room temperature identified
the deposits as a mixture of CPPD(T)
and CPPT(O), while those crystals
deposited at 37°C were found to be
pure CPPD(T) within the pH range
6-7.
The pH within the gel appeared not
to change during the crystal growth
process, unlike the situation in gelatin

hydrogels.

CONCLUSIONS

We have shown that a low calcium
concentration and an alkaline pH
favour the growth of CPPD(T) crystals
in gelatin gels. Using polyacrylamide
gels we have found that the
temperature of the growth medium is
important in deciding the nature of the
crystal form and that at 37°C pure
CPPD(T) can be grown.
Gelatin and polyacrylamide gels
show considerably different responses
to crystal growth in terms of the
formation of Liesegang rings and local
pH variations. In view of these
differences it appears that the gel is
intimately involved in the crystal
growth process. Therefore, careful
studies must be made to ensure that
current model systems in use are
realistic physiological models for
crystal deposition in human articular

cartilage.
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Effect of orthophosphate and other factors on the
crystal growth of calcium pyrophosphate in vitro
P. R. HEARN, D. F. GUILLAND-CUMMING, AND R. G. G. RUSSELL

From the Department of Human Metabolism and Clinical Biochemistry, University ofSheffield Medical School, Sheffield
S10 2RX

Under simple simulated physiological
conditions in vitro we have previously
established that 40 ,u mol/l of
pyrophosphate is needed to initiate
formation of calcium pyrophosphate
crystals in the presence of 1-5 mmol/l
of Ca- at 37°C in three days.' If
magnesium is added to the system to
approach the physiological range (0 5
mmol/l) the requirement for
pyrophosphate rises to 175 AmolIl.
We have now investigated the effect
of another important ion, orthophosphate, over the physiological
range, on crystal formation and on
long term crystal growth.
Contrary to expectation there was a
dose-related decrease in the amount of
pyrophosphate needed to initiate the
formation of calcium pyrophosphate
crystals in the presence of increasing
phosphate. At 0 5, 1-0, and 2-0
mmolVl phosphate, 125, 75, and 37 5
,umol/l pyrophosphate are required
respectively in the presence of a
standard 1 5 mmolIl Ca++ and 0-5
mmoll Mg++. These results are of
particular interest because hitherto it
has been thought that pyrophosphate
acts as an inhibitor of calcium
phosphate crystal deposition. The use
of t mmol/l phosphate and 1 5 mmol/l
of calcium with pyrophosphate added
creates conditions that are close to
physiological and raises the important
question of which crystal forms first
deposit in vivo. The amount of
pyrophosphate (75 ,umoll1) needed for
crystal growth of calcium
pyrophosphate is still higher than the
amount of pyrophosphate found in

extracellular fluids (normal range 1-4
,u mol/l) or in synovial fluid in
pseudogout (range 5-60 ,umol/l). This
suggests that under pathological
conditions in vivo additional
mechanisms may be needed to
produce high local concentrations of
calcium or PP,, or that nucleating
agents are involved.
Long term incubations at
physiological temperature, pH, and
ionic strength, with 1 c mmol/l Ca++,
05 mmolIl Mg`+ and 200 ,umol/l
pyrophosphate lead, in the absence of
phosphate, to the formation of
predominantly monoclinic crystals of
calcium pyrophosphate. The addition
of phosphate at 1 mmol/l stabilises the
amorphous gel that is formed initially,
thereby prolonging the time needed
for crystal growth. However, it does
lead to the formation of much larger
crystals. These crystals are of the same
type as in the absence of phosphate but
differ in that a small proportion of
them transform slowly to crystals which
appear by optical criteria to be triclinic
calcium pyrophosphate dihydrate (the
type found in vivo). This indicates that
under simulated physiological
conditions of pH and ionic strength
and at physiological concentrations of
key ions, it is possible to grow the
crystal type found pathologically by

using high (200 ,umol/l
pyrophosphate concentrations.
The possibility that nucleating
agents are involved in vivo was
explored using crystals of
hydroxyapatite or preformed crystals
of CPP, (monoclinic + orthorhombic).

Preliminary results indicate that
addition of large numbers of
hydroxyapatite crystals (40 Ag/ml)
raise the concentration of
pyrophosphate required for CPPi
crystal initiation, presumably because
they bind pyrophosphate to their
surfaces. Lower numbers of added
crystals (4,g/ml) on the other hand
had no obvious effect on the initiation
of CPPi crystals, suggesting that any
surface binding effect was
compensated by a promoting effect on
nucleation.
In long term incubations (> 2
months) neither added hydroxyapatite
nor added CPP, crystals altered the
type of new CPPi crystals formed.
Both types of crystals considerably
accelerated CPPi crystal formation in
the presence of excess PP1 (100-300
,umol/l) both in the presence and
absence of phosphate.
In conclusion, it has not yet been
possible to grow the pathological CPP,
crystal type (triclinic) in short term
culture in vivo under simulated
physiological conditions. Such crystals
do, however, appear in long term
incubations (i-2 years), supporting the
suggestion that their presence in
chondrocalcinosis represents the end
point of a gradual process.
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An investigation into the progress of calcification in
simple calcergy
J.E. HARRIES,' P. A. DIEPPE,2 P. HEAP,3 J. HORNBY,' A. SWAN,' AND J. S. SHAH'

From the University Departments of 'Physics, 2Medicine, and 3Anatomy, Bristol
The injection of a small quantity of
certain chemical salts (calcergens) into
the subcutis of animals has been found
to induce a localised inflammatory
response followed by the deposition of
calcium phosphate salts in the affected
area.'2 This phenomenon is termed
simple calcergy and is being
extensively studied as a model for the
pathogenesis of calcification in
osteoarthritic tissue3 and the effect of
diphosphonates and anti-inflammatory drugs on mineralisation and
dissolution of calcium phosphates in
bone.4'
Extensions to this simple model of
calcergy6 have shown mast cells to be
possible mediators of the
inflammatory response and
subsequent calcification.6 We have
therefore investigated the
morphological aspects of simple
calcergy by examining the progress of
induced calcification in young male
rats over two weeks. The chemical
nature of the deposits has also been
analysed to find evidence for
calcification occurring via one or more
intermediate calcium phosphate
crystal phases to stable
hydroxyapatite.
Male Lester hooded rats weighing
200-250 g were used. Six dorsal sites,
three either side of the mid-lumbar
region, were shaved; those on the right
side were injected subcutaneously with
0 2 ml of 1 in 40 dilution in saline of a
saturated solution of potassium
permanganate; those on the left side
with 0-2 ml of neutral saline.
At three, five, seven, and 14 days
after injection, four animals were
sacrificed for each time point using

then removed and their wet and
dry weights recorded. The samples
were characterised using powderx-ray
diffraction, x-ray energy spectroscopy,
and scanning electron microscopy.
Plaques were measured in the same
way for the second group, but in
addition a histological analysis was
performed on the lesions using both
optical light and electron microscopy.
Samples were taken from both sides
in each animal and also from sites that
had not received any treatment
(controls).
All the samples for morphological
examination were prepared by
immersion fixation using Bouin's
solution with ester wax embedding for
light microscopy, and 3%
glutaraldehyde followed by 1%
osmium tetroxide, both in cacodylate
buffer at pH 7-2 with araldite
embedding for electron microscopy.
Sections were stained with Alcian blue
and haematoxylin eosin for light
microscopy and with lead acetate, with
or without uranyl acetate, for electron

the plaques. These fibrils had a
petrified appearance, as if coated by
some material. Within the interstices
of the fibrils 'chalky' deposits were
observed which were not bound to the
collagen matrix. X-ray energy
spectroscopy gave variable ratios of
calcium to phosphoros in the range 2-1
to 2-6; hydroxyapatite having a ratio
of 2-17.
Histological analysis of the lesions
showed that three days after injection
of KMnO4, oedema was evident in
association with mast cells,
macrophages, and other connective
tissue cells. Large numbers of
circulating monocytes and
lymphocytes were also seen migrating
to the affected area. After five days the
cellular populations were mainly
confined to mast cells, macrophages,
and fibroblasts; the latter two cell
types exhibiting a degree of motility.
Seven days after injection, fibroblasts
were seen to be actively producing
collagen, and after 14 days were
almost the only cell type present, with
the collagen in close packed arrays of
fibrils extending throughout the
area-as confirmed by scanning
electron microscopy.
Isotopic scanning with 99mTc
labelled methylene diphosphonate
(MDP) was conducted on a third
group of male rats after three, six,
nine, and 15 days. The animals were
prepared as before with subcutaneous
injections of KMnO4 and saline. At

were

microscopy.
RESUfLTS

Plaques were observed at sites injected
with KMnO4 after five days, increasing
in size and weight up to seven days. No
further change in the plaques was
observed up to 14 days (Table 1).
X-ray diffraction revealed
hydroxyapatite and showed a general
increase in apatite content with time.
No other crystalline phase was
identified. Scanning electron
microscopy showed collagen fibrils
aligned in parallel bundles throughout

each time interval four rats were
selected and intravenous 50 ,uCi (- 0 2
ml) 99mTc labelled MDP administered.
Four hours after injection each animal

ether anaesthesia and divided into two
groups. In the first group the animals
were examined for any evidence of
subdermal calcific deposits. These

Table 1 Mean (SD) variation in size and weight ofplaques excised from young
male hooded rats 5, 7, and 14 days after subcutaneous injections ofOO2 ml KMnO4

deposits were usually seen as circular
white discs, as found by other
workers,' and were measured across
their diameter in two places and their
average area determined. The plaques

Day

5

7

14

Average size of plaque (mm)
Wet weight of plaque (g)
Dry weight of plaque (g)

103 (11)
126

125 (29)
246
41

122 (22)
300
94

-
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was scanned using a General Electric
maxicamera II scanner and 400T
Sm Tc labelled
formatter.
diphosphonate was found to be
concentrated within the plaques;
activity being apparent by the sixth
day.
To estimate the mean turnover rate
of mineral in the plaques we are
attempting to quantify this technique.
CONCLUSIONS

Simple calcergy is an easy,
reproducible model of pathological
calcification. Hydroxyapatite is found
to deposit without forming
intermediary crystalline phases and
may nucleate on young collagen fibrils
laid down during the inflammatory
reaction. Mast cells are observed in
large numbers during the initial phase

of the inflammatory response, along
with macrophages and fibroblasts.
After 14 days fibroblasts are the
predominant cell type, exhibiting
electron microscopical profusions,
and are actively laying down new
collagen to encapsulate the affected
area.
Isotope scanning may be a tool for
assessing mineral turnover and for
monitoring the progress of
calcification.
The calcergy model is now being
applied to investigate potential
therapeutic inhibitors of
hydroxyapatite deposition.
We would like to acknowledge the
financial support of Ciba-Geigy Ltd.
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Periarticular calcification of the shoulder in articular
chondrocalcinosis
JEAN C. GERSTER AND GEORGES RAPPOPORT
From the Rheumatology and Rehabilitation Centre and Radiology Department, University Hospital (CHUV), Lausanne,
Switzerland

In articular chondrocalcinosis calcium
deposits commonly occur within the
articular cartilages and menisci;
extra-articular linear deposits have,

however, been described in the
Achilles, quadriceps, triceps, and

supraspinatus tendons.'`3
We report on the prevalence and
morphology of periarticular
calcification of the shoulder in
patients suffering from articular
chondrocalcinosis compared with a
control group.
Two groups of patients were
studied. The first comprised 30
consecutive patients (22 women, 8
men; mean age 73 years, range 40-89)
with definite articular chondrocalcinosis diagnosed radiologically in
at least two joints. The disease was
idiopathic in 28 cases; one was associated with hypothyroidism, and
another with gout. A comparable control group (22 women, 8 men; mean

age 72-5 years, range 41-90) with no
radiological evidence of articular
chondrocalcinosis was taken at random and matched for sex and age.
Patients with diabetes mellitus or
severe renal insufficiency were not
included in view of the increased prevalence of calcifying tendinitis among
them.4
In all cases anteroposterior views of
both shoulders were obtained with
conventional radiological methods.
When periarticular calcification was
found xeroradiographic films were

significant (p<0 006) by the exact

Fisher test.
Morphologically, two types of
calcification were encountered: linear
punctate and dense homogeneous.
Linear punctate calcification was
found in eight patients in the study
group; in two cases punctate calcium
deposits were also observed at the
insertion of the long head of the
biceps. Dense homogeneous
calcification was found in one
control and four of the study group, in
three of whom they were associated
made to accentuate their density.
with linear calcification. The
Periarticular calcification was difference between the groups in
found in nine patients with prevalence of dense calcification is,
chondrocalcinosis; all had idiopathic however, not significant (p = 0-18).
Of the 10 cases with periarticular
disease; the calcium deposits were
bilateral in three cases and unilateral calcification, three (all in the study
in six. Calcification was also found in group) had chronic shoulder pain, one
one control patient; the deposits were suffering from a rupture of the rotator
bilateral. The difference between the cuff; the remainder were
groups in those with calcification was asymptomatic.
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These results show that periarticular
calcification of the shoulder, often
clinically silent, is common among
patients with articular chondrocalcinosis. It is found mainly at
the insertion of the supraspinatus
tendon.
Eight patients in the study group
had fine linear tendon calcification.
This calcification is supposed to be
made of calcium pyrophosphate
dihydrate crystal deposits, inasmuch as
their morphology is similar to that
observed in other tendons with typical
CPPD crystal deposits.2 However,
the prevalence in the supraspinatus
tendon is twice that in the Achilles or
quadriceps tendons2; this could
be because of repeated strains due
to the great mobility of the shoulder
joints.
Dense homogeneous tendon

calcification may be considered to result
from apatite deposits,"2 which are the
most common cause of calcifying tendinitis of the shoulder. This was
more frequent, but not significantly so,
in the study group than in the control
group; further radiological studies are
needed to see whether apatite
deposition disease could be associated
with articular chondrocalcinosis. In
three cases both linear and dense
tendon deposits were present; these
findings have to be compared with
those of a triceps tendon where both
CPPD and hydroxyapatite crystals
could be demonstrated by
radiocrystallography,3 suggesting that
mixed crystal deposition disease may
occur in certain tendons. There is an
analogy with what occurs in some
osteoarthritic joints where the two
kinds of crystals can coexist.5
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Articular chondrocalcinosis, quadriceps calcification,
and patellofemoral degeneration in the elderly
EDWARD WILKINS, AND GORDON EVISON
From St Martin's Hospital, Bath

Linear calcific deposits in the
quadriceps tendon1 2 and 'isolated'
patellofemoral degeneration3 have
been described as radiographic
features seen in association with
intra-articular chondrocalcinosis. It
has been suggested that their presence
may be of value in distinguishing
between pyrophosphate arthropathy
and other forms of degenerative joint
disease.
We assessed the influence of aging
on this interrelationship by analysing
radiographs taken on consecutive
admissions to an acute geriatric unit.
We documented the prevalence of
intra-articular chondrocalcinosis,
patellofemoral degeneration, and
quadriceps calcification and defined
their interrelationship.
METHODS AND RESULTS

A total of 120 consecutive x-ray films
of the knee (anteroposterior and
lateral), pelvis, and wrists were
analysed by four independent

observers, using light intensification
and magnification. Articular
chondrocalcinosis was defined as the
finding of dense, hazy, linear, or
stippled intra-articular calcification.
Quadriceps calcification as seen on
lateral views ofthe knee was defined as
either in the muscle belly or in the
tendinous insertion. Formation of
osteophyte on the upper margin of the
articular surface of the patella, loss of
articular cartilage in the
patellofemoral joint, and subchondral
sclerosis was used to assess the
presence of patellofemoral
degeneration, classified as mild,
moderate, or severe.
To achieve maximum sensitivity and
to avoid excessive radiation exposure,
Ilford rapid R film was used for the
knee x-ray examinations, and
X-6-Mat RP-X-RPI for the pelvis.
Data were avilable on 100 patients
(31 men, 69 women) aged from 65 to
97 years (mean (SD) 79-4years (6-6)).
None of the patients had

haemochromatosis or hypercalcaemia.
Thirty-four patients had
intra-articular chondrocalcinosis; 25
had changes at the knee. The
prevalence rose from 15% (3 out of
20) in those aged 65-74 to 36% (20
out of 55) in those aged 75-84, and to
44% (11 out of 25) in patients aged
from 85 to 97 years.
Quadriceps calcification at the
tendinous insertion was seen in 54
patients. The prevalence increased
from 20% in patients aged 65 to 74
years to 60% in those aged 75 to 84, to
64% in those aged 84 to 97.
Fifty patients had evidence of
patellofemoral degeneration. In 13
patients the changes were mild, in 27
patients moderate, and in 10 severe. In
17 cases radiographs showed no other
abnormality-that is, degeneration
was isolated. The prevalence rose from
35 % in patients aged 65 to 74 to 49%
in those aged 75 to 84 years, and to
64% in patients above 84 years.
The
shows
table
the
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interrelationship between articular Table 1 Relationship between articular chondrocalcinosis (A CC), quadriceps
chondrocalcinosis, patellofemoral calcification, and patellofemoral degeneration
degeneration, and quadriceps calciNo evidence
In association
In association
fication. Articular chondrocalcinosis is
ofACC
with ACC
with ACC at
subcategorised into present at the
the knee (n =25) elsewhere (n 9) (n =66)
knee and in joints other than the knee.
Analysis of these figures shows that Quadriceps calcification:
the prevalence of patellofemoral
37 (56%)
4 (44%)
14 (56%)
Tendon (n=54)
degeneration and quadriceps
5 (8%)
2 (22%)
3 (12%)
Muscle (n=10)
calcification is similar in patients with Patellofemoral degeneration:
and without articular chondro31 (46%)
5 (55%)
14 (56%)
Overall (n=37)
calcinosis.

CONCLUSION

Isolated (n= 16)
(mild, moderate and
severe)
Isolated (moderate
and severe only)

3 (12%)

Articular chondrocalcinosis,
2 (8%)
patellofemoral degeneration, and
quadriceps calcification are common
in the elderly and their prevalence
increases in a linear fashion with aging.
They are radiographic phenomena
Tendon calcification in chondroclosely related to aging and caution
calcinosis. Arthritis Rheum 1977; 20:
must be exercised in postulating a
717-22.
relationship with a disease process in 2 Waltzing
P, Breville P H, de Fugeres
the elderly.
Y D L. La calcification du cul de sac

quadricipital. Nouvre Presse Med 1980; 9:
References
1 Gerster J C, Baud C A, Lagier R, et al.

41.
3 Resnick D, Niwayama G, Goergen T G,
et al. Calcium radiographic and patho-

1 (11%)

13 (20%)

1 (11%)

8 (12%)

logical abnormalities in calcium pyrophosphate dihydrate deposition disease

(CPPD): pseudogout. Radiology 1977;
122: 1-15.
4 Lagier R. Femoral cortical erosions and
osteoarthrosis of the knee: an anatomoradiological study of two cases. Fortschr

Geb Roentgenstr Nuklearmed Erganzungsbana 1974; 120: 460-7.

Arthritis of idiopathic haemochromatosis
E. B. D. HAMILTON, A. B. BOMFORD, J. W. LAWS. AND R. WILLIAMS

From the Departments of Rheumatology and Radiology, and the Liver Research Unit, King's College Hospital, London
We have previously described the
arthritis of haemochromatosis,' 2 and
have now re-examined 18 of these
cases after a mean interval of 9 4
years. All patients underwent repeat
x-ray examination.

Table 1 Prevalence ofchondrocalcinosis in haemochromatosis atfirstand follow
up examination in 18 patients (duration offollow up 9-4 years)

Chondrocalcinosis was found in at
least one joint in seven patients
initially and in 13 patients at the
second assessment. Despite adequate
treatment of iron overload by
venesection it increased in severity and

Knees:
Meniscus

Wrists
Hyaline cartilage
Hips
Symphysis pubis
Spine

spread to new joints.
Thirteen patients developed
arthritis of the metacarpophalangeal
joints, but none of them had associated stores or the patient's age. The table
chondrocalcinosis visible radio- shows the incidence of
logically at this site or in the triangular chondrocalcinosis.3
References
ligament of the wrist.
It was not possible to show a 1 Hamilton E, Williams R, Barlow K A,
correlation between the presence of
chondrocalcinosis at the initial
assessment and the extent of iron

Smith P M. The arthropathy of idiopathic haemochromatosis. Q J Med 1968;
37: 171.

First
examination

Second
examination

3

10

6
4
2
4
2

11
6
5
5
4

2 Dymock I M, Hamilton E B D, Laws J W,
Williams R. Arthropathy of haemochromatosis. Clinical and radiological
analysis of 63 patients with iron overload.
Ann Rheum Dis 1970; 29: 469-76.
3 Hamilton E B D. Chondrocalcinosis and
osteoarthritis. In: Peyron J G, ed.

Epidemiology of osteoarthritis. Macclesfield: Geigy Publications, 1980: 109-12.
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Double blind, placebo controlled trial of magnesium
carbonate in chronic pyrophosphate arthropathy
MICHAEL DOHERTY, AND PAUL A. DIEPPE
From the University Department of Medicine, Bristol Royal Infirmary, Bristol

Unlike the situation with urate crystals
in gout, there is at present no definitive
treatment to prevent formation or
enhance dissolution of CPPD crystals
in patients with pyrophosphate arthropathy. In vitro studies, however,
have shown that magnesium exerts a
solubilising, growth inhibitory effect on
CPPD crystals,' and the possibility
that magnesium supplementation
might influence CPPD crystals in vivo
is suggested by the precipitation of
acute pseudogout after lavage of joints

3

Pain

2~

with magnesium sulphate2 and by the
reported benefit of magnesium
replacement in a patient with
hypomagnesaemia and chondrocalcinosis.3 We therefore undertook a six
month controlled trial to investigate
the therapeutic potential of magnesium in patients with pyrophosphate
arthropathy.
A total of 38 patients with chronic
pyrophosphate arthropathy
(symptomatic arthritis + CPPD
crystals in synovial fluid +

radiographic evidence of
chondrocalcinosis) were allocated at
random to receive 10 ml thrice daily of
either magnesium carbonate (30 mEq
magnesium/day) or placebo. The
treatment group (12 men, seven
women) and controls (five men, 14
women) were comparable for mean
age (64-4 + 12 yr v 69 -+ 10 yr) and
duration of disease (9 + 8 yr v 8 + 5
yr). Patients were assessed regularly
by a single observer and treatment was
patient and observer blind.
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Fig. 1 Duration ofpain, effusion, stiffness, and tenderness before and aftertreatmentand subjective and objective assessment
ofeffect oftreatment. Pain was rated on a scale ofO 'none,' I 'mild,' 2 'moderate,' and 3 'severe, 'effusion and tenderness on a
scale of 0 'none,' I 'mild,' and 2 'severe.' Duration of tenderness was measured in minutes.
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Despite a pronounced placebo excretion from a mean (SD) of 3-9
effect in the controls, the treatment (2-1) mmol (mEq)/24 h to 5 7 (2.5)
group showed a uniform trend towards mmol/24h in those taking magnesium.
improvement in pain, stiffness, The degree of improvement in those
effusion (knee), joint line tenderness, taking magnesium did not correlate
and overall subjective and objective with renal function, initial magnesium
assessment (Fig.): at six months state, or increase in urinary
improvement over controls was magnesium output. Radiological
significant for pain (p<0 05) and appearance of chondrocalcinosis did
objective assessment (p< 0 05). Seven not change over the six month period.
The uniform trend towards
study patients and two controls noted
increased bowel frequency; improvement in those taking
intermittent diarrhoea developed in magnesium suggests that further
three (two study patients, one control) studies of magnesium supplebut did not necessitate withdrawal mentation are warranted, especially in
from the trial. No changes in view of its safety in the elderly patients
biochemical values or synovial fluid included in this trial. The pronounced
were observed apart from an increase placebo effect we observed serves to
in 24 hour urinary magnesium emphasise the debilitating nature of

pyrophosphate arthropathy and the
supportive effect of regular, interested
medical attention on patients demoralised by chronic pain and stiffness.
References
1 Cheng P T, Pritzker K P H. The effect of
calcium and magnesium ions on calcium
pyrophosphate crystal formation in
aqueous solutions. J Rheumatol 1981; 8:
772-82.
2 Bennett R M, Lehr J R, McCarty D J.
Crystal shedding and acute pseudogout:
an hypothesis based on a therapeutic failure. Arthntis Rheum 1976; 19: 93-7.
3 Runeberg L, Collan Y, Jokinen E J,
LUhdevirta J, Aro A. Hypomagnesaemia
due to renal disease of unknown aetiol-

ogy. Am J Med 1975; 59: 873-81.

Problems encountered in the routine analysis of
synovial fluid for crystals
P. R. HEARN, D. F. GUILLAND-CUMMING, AND R. G. G. RUSSELL

From the Department of Human Metabolism and Clinical Biochemistry, University of Sheffield Medical School, Sheffield
S10 2RX

Compensated polarised light
microscopy is a simple technique that
allows identification of crystals by
determination of the sign of their
birefringence based on colour change
with rotation. The technique applied
to crystallography of synovial fluid
samples was described by Currey and
Vernon-Roberts.' Our own diagnostic
service was set up in conjunction with a
research project on pyrophosphate
and
metabolism
calcium
pyrophosphate crystal deposition.
The technique itself is simple if
carefully carried out, but there are
various problems and pitfalls. We
describe some problems that we have
encountered and give some hints for
those setting up their own diagnostic

as dust-free as possible; we have noted
appreciable amounts of birefringent
material on apparently clean slides and
coverslips. Slides should be wiped
repeatedly with lens tissue. Coverslips
are difficult to clean because of their
fragility; we rarely use them.
(3) Samples. Synovial fluid aspirates
are taken without anticoagulant, as the
clots which form trap crystals and
considerably help the examination.
Whenever possible, samples should be
examined the same day, but samples
stored at 4°C do not appear to alter
during storage for up to a week.
Storage at room temperature may lead
to artefactual crystal growth as
reported by Dieppe.'

service.

showed the presence of numerous
particles giving the same characteristic
Maltese cross appearance. This
powder is pure starch, which
presumably enters the sample
container at the time of aspiration and
sample collection. A similar Maltese
cross appearance is produced by lipid
droplets; these can be dissolved in
xylene and similar solvents and are
quite commonly seen.
Fragments of cartilage, drawn up at
the time of aspiration, may also cause
identification difficulties, as mav clots
of fibrin with cells embedded in them.

Irregular, weakly birefringent
particles may be hydroxyapatite
conglomerates, but we are unable to
identify these routinely at present.

RESU LTS
Criteria for crystal identification.
(1) Microscope. In the absence of a In many samples crystals were initially Clearly, a diagnostic service must have

purpose-built polarising light
microscope, most micrscopes can be
converted by the addition of polarising
filters and a first order red
compensating filter.
(2) Slides. Ordinary glass
microscope slides are used but must be

too small to be identified. These were
tiny irregular particles or crystals often
accompanied by crystals showing a
Maltese cross pattern under polarised
light. Many of these particles proved to
be artefactual. Examination of glove
powder currently used by surgeons

criteria for identification of crystals. A
crystal must be: bright under polarised
light, exhibit birefringence, or show
the required colour change on rotation
of the compensating filter. It must look
like a crystal-that is, have regular
sides (crystal conglomerates are
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difficult to focus on), but identification
by shape alone is not sufficient.
Other crystals include recently
injected corticosteroids, also
cholesterol which is seen as flat plates.
We have seen red/brown crystals from
a haemarthrosis aspirate. These were
identified as bilirubin. Occasionally
crystals are seen which cannot be

identified, and some of these may be
the alternative crystal forms of calcium
pyrophosphate,3 or of calcium
phosphate.
References
1 Currey H L F, Vernon-Roberts B.
Examination of synovial fluid. Clinics in
Rheumatic Diseases 1976; 2: 149-77.

2 Dieppe P A, Crocker P R, Corke C F,
Doyle D V, Huskisson E C, Willoughby
D. Synovial fluid crystals. Q J Med 1979;
48: 533-53.
3 Hearn P R, Russell R G G. Formation of
calcium pyrophosphate crystals in vitro:
implication for calcium pyrophosphate
deposition diseases (pseudogout). Ann
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New methods for identification of crystalline material
in

joints

D. V. DOYLE AND P. R. CROCKER
From the Department of Rheumatology, St Bartholomew's Hospital, London ECIA 7BE

The identification of microcrystalline
material in joint fluid and tissues by
conventional electron microscopical
(EM) methods requires about 48
hours' specimen preparation. We
have developed a series of methods
that, in the case of joint fluids, allows
the rapid preparation of fresh
specimens for EM examination and, in
the case of tissue specimens, enables
paraffin-embedded sections to be
examined directly by scanning
electron microscopy (SEM).
SYNOVIAL FLUIDS

(1) Cytocentrifugation.
Transmission electron microscopy
(TEM) system. The fluid is
cytocentrifuged onto coated EM grids,
which are then examined by light
microscopy (LM) to select the most
suitable monolayer for examination by
TEM. Crystalline material, where
detected, is analysed by x-ray energy
spectroscopy (XES).
Scanning electron microscopy
(SEM) system. The fluid is
cytocentrifuged onto a standard
perspex slide (7-6 cm/2-5 cm), which is
then placed in the microscope for
examination and analysis. The
specimen on the perspex slide may also
be microincinerated at low
temperature to remove organic

material, leaving crystals clearly
exposed for examination.
Scanning electron microscopy with
back-scattered electron imaging facility
(BEI). The specimen is prepared as for
SEM, but the BEI facility enables
rapid location of crystalline material
by atomic number differences without
the need for microincineration.

to expose particulate material for
examination by SEM and XES.
SEM system with BEI facility. The
preparation is as for SEM, but
microincineration is unnecessary.
Direct examination by BEI and XES is

(2) Millipore filtration.
SEM system. Negative pressure
filtration of synovial fluids is used to
collect particulate material on the
surface of a millipore filter. The filter is
placed on a graphite stub in the bulk
holder of the scanning electron
microscope, and the surface examined
by SEM and XES.
SEM system with BEI facility. The
preparation is as for SEM, but the BEI
facility enables rapid location of
crystalline material.

ventional EM methods is impractical
for routine diagnostic use because it is
extremely time consuming. The tissue
specimen is cut into very small blocks,
which must then be fixed, embedded,
and sectioned. This procedure takes at
least 48 hours and as the specimen
blocks are very small and tissue
deposits of crystals are often patchily
distributed, the specimen selected for
examination may well be devoid of
crystalline material.
Our methods used standard
laboratory fixation and preparation
techniques. The specimens, apart from
those involving millipore filtration,
may be examined initially by light
microscopy to determine whether EM
examination is likely to be worthwhile.
These techniques are a significant
advance on traditional electron
microscopical methods used for the
detection of crystalline material in
joint fluids and tissues.

JOINT TISSUES

Routine paraffin block sections are
used. Standard 5 ,um sections are cut
and mounted on perspex slides.
SEM system. The tissue section on
the perspex slide is examined by light
microscopy and the topography is
noted. The section is then
microincinerated at low temperature

possible.
The identification of microcrystalline material in synovial fluid
on articular tissue specimens by con-
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Crystals and vessel walls
P. N. PLATT AND A. MALCOLM
From the Departments of Rheumatology and Pathology, University of Newcastle upon Tyne

Hitherto the concept of
crystal-induced diseases has had its
main impact in rheumatology. It is
becoming obvious, however, that
crystals have a part to play in the
production of disease in other systems.
We thought that the crystalline form of
some of the constituents of
atherosclerotic plaques may play a
part in their formation-for example,
cholesterol crystals are capable of
activating polymorphs' and promoting
collagen production by fibroblasts.!
Hence as part of an investigation into
the role of crystals in vessel walls we
undertook a preliminary study using
polarising light microscopy and
present the results.
Early non-calcified plaques of
uncomplicated atheroma of the aorta
were obtained at necropsy from both
sexes with an age range of 28-84years.
These plaques were subjected to
rapid freezing and 5 ,u m thick cryostat

sections both unstained and stained
(haematoxylin and eosin, oil red '0')
were examined using a polarising light
microscope. The oil red 'O' demonstrated lipid, and crystals of cholesterol and monosodium urate. Urate
crystals were identified by their
characteristic appearance under polarised light microscopy and solubility in

uricase.
In addition to the expected
cholesterol crystals we describe what
appeared to be crystals of
monosodium urate occurring in
samples of early atheromatous plaques
from human aortas at necropsy. We
believe that this may be of some
importance in view of the long
speculated association between
hyperuricaemia and atherosclerosis.3
The situation may be analogous to that
occurring in tophi, where cholesterol
and hydroxyapatite4 are often found in
conjunction with urate crystals

suggesting common nucleation
factors. The capabilities of these
crystals to trigger inflammatory and
sclerotic reactions suggests a possible
role in the production of
atherosclerotic lesions.

References
1 Hammerschmidt D E, Greenberg C S,
Yamada 0, Craddock P R, Jacob H S.
Cholesterol and atheroma lipids activate
complement and stimulate granulocytes.
J Lab Clin Med 1981; 98: 68-77.
2 Pritzker K P H, Adel G F, Omar S,
Gertzbein S D. Experimental cholesterol
crystal arthropathy.J Rheumatol 1981; 8:
281-90.
3 Dreyfuss F. The role of hyperuricaemia in
coronary artery disease. Diseases of the
Chest 1960; 38: 332-6.
4 Dieppe P. Crystal deposition disease and
the soft tissues. Clinics in Rheumatic
Diseases 1979; 5: 807-21.

An immunoelectron microscopical study of the
orientation of IgG molecules on the surface of
monosodium urate crystals
T. BARDIN,' P. V. CHERIAN,2 AND H. R. SCHUMACHER2
From the 'Clinique Rheumatologique, Hopital Lariboisiere, Paris, France, and 2University ofPennsylvania School of

Medicine, Philadelphia, USA
The binding of IgG to monosodium
urate (MSU) crystals has been
demonstrated by several
techniques.`-3 It is thought to play an
important part in the pathophysiology
of the gouty attack, as IgG coating of
MSU crystals could modulate crystal
interactions with cells, in particular by
reacting with IgG Fc receptors. The
availability of Fc fragments on the
crystal-bound IgGs thus appears to be

an important factor in the part IgG
might play in gouty inflammation. We
recently presented data in favour of
such an availability.3 We set out to
investigate further the orientation of
IgG molecules from serum, bound to
MSU crystals, by using
immunoperoxidase techniques
directed against the Fc and F(ab' )
fragments of IgG.
Unheated synthetic MSU crystals

were incubated with normal human
serum for one hour at 4°C, washed,
and then processed with an indirect

immunoperoxidase technique using
rabbit antihuman IgG, at a
concentration of 120 ,ug/ml, directed
either against the F(ab')2 or the Fc
fragments, followed by horseradish
peroxidase conjugated goat antirabbit
IgG. Next, crystals were incubated
with DAB + 1-O0 and were post fixed
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done. Results were compared by the X2
test (see Table 1).
Crystals dissolved during the
dehydration and embedding
procedures, but most of their
silhouettes could still be identified in
thin sections. In samples processed to
react with F(ab')2 fragments, most of the
crystal sites were strongly outlined by
dark reaction products which showed
the IgG coating and proved the
functional availability of the Fc
fragments of the crystal-bound IgG. In
contrast, positive crystals were very
significantly less frequent
(p<000001) in samples treated to
react with F(ab')2 fragments than in
those processed to demonstrate Fc
fragments (see Table 1). Controls were
negative or had only weak reaction
products.
These data are consistent with
previous studies using different

with osmium tetroxide. To prevent
non-specific binding of the antibodies
to crystals, samples were incubated
with normal goat globulins before and
during the antibody incubation steps.
Samples were washed between each
step with buffers saturated with urate
to avoid dissolution of the crystals.
Appropriate controls were used,
including blocking with unconjugated
goat antirabbit antibodies and
replacement of the primary antibodies
by normal rabbit globulins. All
samples were dehydrated, embedded
in Spurr medium and thin sectioned for
observation on transmission electron
microscopy. About 100 crystals were
analysed from samples of each type of
processing. Each crystal was classified
as negative, weakly positive, or
strongly positive, according to the
intensity of peroxidase reaction results
without knowledge of the processing

Table 1 Intensity of IgG Fc and F(ab')2 reaction with immunoperoxidase after
incubation of MSU crystals with serum
Types of
processing

Anti-IgG Fc
Anti-Ig F(ab')5
Normal rabbit
globulin control
Blocking control

Total No
of crystals
analysed

No of
negative
crystals

No of
weakly
positive

No of
strongly

crystals

crystals

positive

101
129

17
97

24
22

60
10

92
126

85
84

7
36

-

6

techniques4 and might be explained by
electrostatic forces that are known to
be important in protein adsorption to
MSU crystals."2 Fab fragments have a
more positive charge than Fc
fragments' so that the Fab extremity
may bind preferentially to the
negatively charged crystal, thus
leaving the Fc end free.
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Crystal-induced oxygen uptake by animal neutrophils
F. K. HIGSON AND

0.

T. G. JONES

From the Biochemistry Department, Bristol University, Bristol BS8 I TD

Crystals and other types of particulate
material are often seen in synovial
fluids. At least three types of crystal
are known to be pathogenic:
monosodium urate monohydrate,
calcium pyrophosphate dihydrate, and
hydroxyapatite. Phagocytosis of
crystals by leucocytes or other
interactions between crystals and
leucocytes in joint tissue are likely to
be involved in the inflammatory

response."

We have prepared neutrophils from

pig blood3 and examined the effect on
their oxygen metabolism of crystal
additions. The crystals, a gift from Dr
Paul Dieppe, had the following
dimensions: monosodium urate
monohydrate, 5-10 ,um length;
calcium pyrophosphate dihydrate
(CPPD), average 15 ,um length;
brushite, 5-15 ,um length; diamond,
2-7 gm length; and cholesterol,
average 20 ,um length. Crystals were
suspended in the modified
Krebs-Ringer buffer used in

neutrophil preparation and sonicated
briefly before use. Oxygen uptake was
measured using a Clarke type
electrode, superoxide production
determined as superoxide-sensitive
cytochrome with reduction and
peroxide fluorimetrically by coupling
it to the peroxidation of 4-OH,
3-methoxyphenylacetic acid.
The addition of crystals of urate,
brushite, or CPPD to neutrophils
caused a great increase in oxygen
uptake which was insensitive to 2
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mmol KCN. The effects depended on
the crystal concentration, but the
maximum stimulation approached
50% of that given by the soluble
stimulus phorbol myristate acetate.
The results could be plotted using the
form of the Michaelis-Menten
equation to give a Km for each crystal.
For urate this was 12-5 mg crystal/ml,
for brushite 1-2 mg/ml, for calcium
hydroxyapatite 1-2 mg/ml. Diamond
and cholesterol crystals did not
stimulate oxygen uptake.
Addition of brushite caused the
production of superoxide and 1202 by
isolated neutrophils at concentrations
similar to those found to stimulate
oxygen uptake. Analysis of the
temperature dependence of the

stimulation of oxygen uptake showed
that urate crystals were ineffective at
temperatures below 23°C; phorbol
was effective at, and above, - 17- 5°C.
Urate and phorbol showed similar
temperature dependence above this
trigger temperature in Arrhenius
plots.
Neither colchicine nor cytochalasin
B inhibited the crystal-induced burst
of oxygen uptake over the usual
concentration range at which these
inhibitors are used. Inhibitors of
SH-dependent enzymes and flavin
analogues were, however, potent
inhibitors.
This work was supported in part by grants
from the Medical Research Council and

from the Wellcome Trust. We are also
grateful to Dr Paul Dieppe for his advice
and co-operation.
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Crystal interactions with polymorphonuclear
leucocytes studied by luminol-dependent
chemiluminescence
PHILIP PLATT, MARCUS HUDDIE, AND W. CARSON DICK
From the Department of Rheumatology, University ofNewcastle upon Tyne

37°C. The reaction mixture consisted
of 1 ml of phosphate buffered saline
medium containing 1- 5 x 106 cells, 0-1
ml of a standard luminol solution, and
0-1 ml of a 1 % crystal suspension.
A series of dose-response curves
with varying concentrations in a fixed
volume showed a linear response until
describe a method that allows the concentrations greater than 3% were
study of early events in this interaction used. We have used this technique to
by means of luminol-dependent investigate the ability of different
chemiluminescence.
crystal preparations to induce release
Polymorphonuclear leucocytes of superoxides and other oxygen
were obtained from fresh normal radicals from polymorphs. Of those
peripheral blood by dextran crystals implicated in joint disease
sedimentation2 and suspended in monosodium urate crystals produced
the largest response, the responses of
phosphate buffered saline.
Luminol reacts with oxidising agents CPPD, hydroxyapatite, brushite and
produced by the polymorph,3 in the cholesterol being less than 20% of the
form of superoxides, hydrogen response to MSU.
The inflammatory potential of
peroxide, and hydroxyl radicals, to
produce an unstable intermediate crystals as measured by animal models
which spontaneously releases to a and their surface charges have been
ground state releasing photons in the shown to be highly correlated.4 We
process. The reaction was followed on have demonstrated a high degree of
an LKB 1250 luminometer linked to a correlation between the surface charge
flat bed recorder. The reaction cell of of MSU crystals as measured by
the luminometer was thermostatically electrophoretic mobility and the
controlled and the reactants held at chemiluminescence response induced
In recent years the crystal
arthropathies have emerged as a
distinct group of diseases linked by
common pathogenetic mechanisms.
One topic thought to be important is
the interaction between crystals and
polymorphonuclear leucocytes in the
production of inflammation.' We

by the crystal preparations.
Luminol-dependent chemiluminescence appears to be a useful
method for studying early events in the
interaction of polymorphonuclear
leucocyte membranes and crystal
surfaces and may allow further
clarification of factors initiating and
modifying effector mechanisms of
crystal induced disease.
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Different effects of crystals on release of inflammatory
mediators from human peripheral blood
*phagocytic cells
PAUL DIEPPE, JUNE HORNBY, AND ANGELA SWAN
From the University Department of Medicine, Bristol Royal Infirmary, Bristol BS2 8HW

Although the mechanism of
crystal-induced inflammation remains
disputed, most authors think that
particle phagocytosis by
polymorphonuclear cells (PMNs) has
a central role.' (P Platt and W C Dick,
p. 4). PMNs are often thought of as
indiscriminate cells, which release a
package of mediators irrespective of
the stimulus,2 but most experimental
work on particles has only been with
urate crystals.3 We have therefore
examined phagocytosis, cell killing,
enzyme release, and generation of
chemotactic factor by human
peripheral blood PMNs in response to
four different crystals.
PMNs were obtained by Dextran
separation of human venous blood.
They were incubated in protein-free
medium alone or with crystals of
diamond (courtesy of De Beers,
London; 5 am diameter), silica
(courtesy of Pneumoconiosis Unit,
Cardiff; 10 ,um long), monosodium
urate monohydrate (5-10 um long),

and hydroxyapatite (clusters about 2

,um diameter). The urate and apatite
crystals were manufactured by
standard methods. Phagocytosis and
cell death were assessed visually and
with trypan blue staining.
/3-glucoronidase release was measured
spectrophotometrically and expressed
as a percentage of release by total cell
lysis. Chemotactic factor generation
was measured by a modified Boyden
chamber technique using ZAS as a
positive control.
All the particles were readily
phagocytosed. The Table shows the
different effects on cell viability,
,8-glucoronidase release, and
generation of chemotactic factor.
Diamond had little effect on cells,
silica and hydroxyapatite caused a lot
of cell death, hydroxyapatite caused
most enzyme release, and urate the
most generation ofchemotactic factor.
CONCLUSIONS

These experiments must be

interpreted cautiously in view of the
difficulty in comparing different
crystals (P A Dieppe et al., p. 60).
However, they suggest that:
(1) Particle phagocytosis by PMNs
may cause no cell damage or release of
mediators-for example, diamond.
(2) Hydroxyapatite crystals are very
toxic to phagocytic cells and cause
release of a large quantity of enzymes.
(3) Urate crystals are more active in
the generation of a PMN chemotactic
factor than the other particles tested.
Although part of the difference
could be accounted for by
contamination of crystals or the
presence of some mononuclear cells,
these data suggest that PMNs respond
quite differently to different particles.
This may help to explain some of the
variation in inflammatory responses to
different crystals, and is being
explored further.
We would like to acknowledge the
financial support of the Arthritis and
Rheumatism Council.
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Table 1 The prevalence of cell death, and the release of /3-glucuronidase and
chemotactic factor after 1 hour incubation ofhuman polymorphonuclear cells with
various crystals in a protein-free medium at 37°C
% cells
killed

Cells alone
Diamond
Silica

MSU
HA
MSU

1
2
33
19

26
=

% release of
,3-glucuronidase

Chemotactic
factor

0
2
20

14
16
15

17

72
37

44

Monosodium urate monohydrate; HA

=

Hydroxyapatite.

1 Phelps P, McCarty D J. Crystal induced
inflammation in canine joints: the importance of polymorphonuclear leucocytes.J
Exp Med 1966; 124: 115-26.
2 Smolen J E, Wiessman G. Polymorphonuclear leucocytes. In: McCarty D J, ed.
Arthritis and allied conditions. 9th ed.
Philadelphia: Lea and Febiger, 1979:

282-95.
3 Dieppe P A, Doherty M. The role of particles in the pathogenesis of joint disease.
In: Berry C L, ed. Current topics in
pathology. Vol 71. Berlin: Springer Verlag, 1982: 200-33.
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C5a activation by monosodium urate crystals: effect of
adsorption of serum and polymorphonuclear leucocyte
homogenate
A. D. WOOLF AND G. S. PANAYI

From the Departments of Medicine and Rheumatology, Guy's Hospital Medical School, London SE] YRT

Acute gout is characterised by
intermittent episodes of acute
inflammation of joints separated by
symptom-free periods. This acute
inflammatory response is not solely
dependent on the presence of
intra-articular monosodium urate
crystals (MSU), as they can be found in
asymptomatic joints, and the control
mechanisms, particularly of the switch
off, are unresolved. MSU crystals bind
a wide variety of proteins, especially
IgG' but also cytoplasmic and
lysosomal constituents.2 Adsorbed
IgG may promote complement
and
activation3
increase
polymorphonuclear leucocyte (PMN)
lysosomal enzyme release.4
Alterations in the crystal coating
subsequent to phagocytosis by PMNs
may thus reduce or abrogate their
phlogistic properties. In addition, it is
possible that MSU crystals cause local
depletion of pro-inflammatory factors
by adsorption and thereby modify the
inflammatory response.
MSU crystals activate serum
complement, leading to the generation
of the potent chemotaxin C5a,5 and a
principal activity of PMN in response
to acute inflammation is chemotaxis.
We have, therefore, looked at the
ability of MSU to generate
chemotactic activity in serum and the
effect of serum coating and PMN
homogenate on this ability. We also
looked at the ability of these crystals to
activate serum depleted by
adsorption with MSU.
Synthetic crystals of MSU were
coated with normal human serum at 5
mg/ml 4°C for 60 min. Coated or plain
MSU crystals were then incubated
with normal human serum or adsorbed
serum for 4 h at 37°C, with or without
having been previously incubated for

60 min at 37°C in a PMN homogenate.
Adsorbed serum was the supernatant
left after coating the MSU crystals.
PMN homogenate was prepared by
dextran sedimentation of heparinised
venous blood,
RBC lysis,
freeze-thawing and sonicating a
suspension of 2 x 107 PMN/ml. MSU
crystals were washed twice with MSU
saturated sodium phosphate 0-0001
mmol buffer, pH 7-4, between all
stages, and all incubations performed
with constant mixing. Chemotactic
activity was assayed by a modified
agarose technique,6 all samples being
heat inactivated at 56°C for 30 min.
Migration distance was taken as the
average distance travelled by the five
most rapidly travelling cells towards
the test well.
Coated MSU crystals were as
capable of activating normal human
serum and adsorbed serum as plain
crystals. Comparing activation of
adsorbed and non-adsorbed serum,
significantly less chemotactic activity
was generated in adsorbed than in
normal human serum by coated MSU
crystals in four of five experiments (p
= 0-01) and by plain MSU crystals in
two of five experiments (p = 0-01).
Generation of chemotactic activity
in fresh serum by plain or coated MSU
was unaffected by treatment with
PMN homogenate, but the activation
of adsorbed serum by coated MSU
crystals was significantly increased
after treatment with PMN homogenate in two of three experiments (p = 0.01).
Cell homogenate showed no
significant activation of fresh or
adsorbed serum in solution.
Adsorbed serum showed normal
generation of chemotactic activity with
zymosan (1 mg/ml 30 min 37°C)

compared with normal human serum.
Using a functional assay for C5a we
found that coating MSU crystals in
serum, where IgG is the principal
adsorbed molecule,' had no effect on
the activation of C5a.
The effect of treating coated MSU
crystals with PMN homogenate in
increasing the generation of
chemotactic activity in adsorbed
serum cannot be attributed to any
direct activation by PMN homogenate
and must be due to changes in the
MSU coating.
It is interesting that adsorbed serum
when exposed to coated MSU crystals
failed to generate as much chemotactic
activity as similarily treated fresh
serum. As the coated crystals used to
activate the adsorbed serum in these
experiments were the same as those
used in the initial adsorption, then no
factors should have been depleted
from this system. This suggests that
binding of serum components to MSU
crystal surfaces may produce changes
in the adsorbed material that impairs
the generation of chemotactic activity.
This may be an important factor in the
self limitation of acute gouty arthritis.
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Inflammatory effect of aluminium phosphate
P. NETTER, J. L. DELONGEAS, G. FAURE, P. BOZ, D. BURNEL, J. L. FOLIGUET,
M. F. KESSLER, R. J. ROYER, A. GAUCHER
Front the Travail de la Clinique Rhumatologique, des Laboratoires de Pharmiacologie, d 'A atooi ie patlhologique, de Chuinlie
et d'Histologie, et du Service de Nephrologie, Faculte de Medecine de Nancs, Unilversiu' de Nan(c! 1, 5450() Vaindoeuvre les
Nancv, France

Microcrystalline-induced arthritis is
known to occur in patients undergoing
haemodialysis for chronic renal
insufficiency. The following
microcrystals have been implicated so
far in these inflammatory phenomena:
apatite, calcium pyrophosphate
dihydrate (CPPD), and sodium
monourate.
In preliminary study,' 2 using
scanning electron microscopy (SEM)
and wavelength dispersive
microanalysis (WDM), we found
aluminium deposits associated with
phosphate in synovial tissue from a

patient undergoing haemodialysis
because of chronic renal insufficiency,
who had been taking aluminium
hydroxide for five years. Aluminium
concentrations measured with a
sensitive and reproducible pulse
polarography method were raised in
the synovial fluid (87 Ag/l), synovial
tissue (3 7 and 2-2 gg/g wet weight)
and in the cartilage (22 4g/g wet
weight) compared with controls:
synovial fluid: 10-8 + 5 .g/l (n = 6),
synovial tissue: 0 8 0 2 g/g (n = 4),
cartilage: 8-31 + 2 0 ,ug/g (n = 4).
Transmission electron microscopy
(TEM) revealed electron dense
material of microfibrillar appearance
in lysosomes of macrophagic synovial
cells.
In a second part we developed
experimental models to appreciate the
prophlogistic properties of aluminium

phosphate using two different animal
models: (a) paw oedema after
subcutaneous injection in the rear foot
pad of Sprague Dawley rats and (b)
experimental arthritis after
intra-articular injection in rabbits.
Tribasic aluminium phosphate was
compared to calcium hydrogen
phosphate dihydrate previously found
during destructive chondrocalcinosis
in humans4; natural diamond powder
and lambda carrageenan were chosen
as negative and positive controls.
In the first model, inflammation
induced by aluminium phosphate
reached its maximum as soon as 15-3t)
min after injection but lasted only 24
hours. The response to calcium
hydrogen phosphate dihydrate was
only minor whereas carregeenaninduced inflammation appeared after
two hours but was far greater and
lasted mored than 24 hours.
The second experimental
proceeding was used to evaluate the
histological consequences of the
injection of these compounds on
synovial tissue and cartilage. Rabbits
were injected in the knee joints every
day for three days. Aluminium
phosphate can induce, like
carrageenan, inflammatory lesions of
the synovial tissue and erosive damage
of the articular cartilage. With TEM,
lysosomal inclusions of phagocytosed
material with microfilaments were
seen. Through SEM coupled with a

wavelength dispersive microprobe
analysis, aluminium associated w ith
phosphate w\as tound in cellular
elements. These features are similar to
those observed in the patient in our
preliminary study and those described
in cerebral tissue from patients with
aluminium intoxication.
The inflammato rv effect
demonstrated in this study suggests
that in addition to apatite. calcium
pyrophosphate dihydrate and sodium
moniourate. aluminiulmi compounds
could play a part in clinical
maniifestations observed in patients
with chronic renal insufficiencv
undergoing haemodialysis and
receiving aluminium gels.
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