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Polarised light microscopy: principles and practice for
the rheumatologist
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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 ( nd ) 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
path difference in our

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.

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.

(3) Strain or flow
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

W4 ) E

I1
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 toE-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

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

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
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.
Thus it allows rapid distinction
between crystals of monosodium urate
monohydrate and calcium
pyrophosphate dihydrate which,
especially when engulfed in a
polymorph, have similar habits.
To determine the sign of

birefringence, the crystal is orientated
with its long axis at the 45° position
that intersects the N-E angle.
Provided that the crystal shows
straight extinction (which is virtually
true of both of these types of crystals),
it will appear maximally bright on a
black background. The quartz red
plate is then inserted into the slot in the
microscope tube. In this position the
slow axis of the wedge (marked on the
casing of the wedge as the y-direction)
is in the south-west to north-east
(SW-NE) direction. Thus the long axis
of the crystal is lying along the slow
axis of the wedge.
The quartz red plate is cut so that the

vectors (or rays) interfere with one
another to give first order red light in
Newton's scale. Consequently the
hitherto black field now appears red.
The interference colours shown by
the crystal will depend on whether the
geometric long axis corresponds to the
optically slow, or optically fast, axis.
Thus the retardation of the light (R),
induced by the plate, will either be
further retarded, or less retarded, and
this will be reflected in a change in the
Newton's order of colours5:

R total = R plate + R specimen

This means4 that the slow axis of the
crystal is along its geometric long axis.
It has added to-that is,
increased-the retardation of the light
in the SW-NE (450) position, so
increasing the resultant interference
wavelength to give a blue colour. Such
a crystal is called a positive crystal; it is
positively birefringent. This is typical

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:

R total = R plate -R specimen

In this case the crystal (in the 450
position) decreases the retardation
imposed by the plate so that the
wavelength of the interference colour
is decreased: the colour changes from
the red, imposed by the plate, to
yellow. Such crystals show negative
birefringence, as is characteristic of
crystals of monosodium urate
monohydrate.'

POTENTIAL PITFALL
A serious problem may be
encountered when examining fluids
for crystals that are expected to have
very weak birefringence. If no crystals
can be discerned in the wet
preparation of the fluid, the specimen
may be dried so that any crystalline
materials present can be seen more by
the fact that they scatter light than by
their weak birefringence. However,
this procedure could permit
crystallisation of material that was
present only in solution in the fluid. To
prove that the crystals seen in the
dried preparation could have existed
in the original, native fluid, the dried
crystalline material must be
remounted, either in some of the
original fluid, or at least in a medium of
identical refractive index. If these
crystals can still be seen when
remounted but cannot be detected in
the native fluid, it must be suspected
that their appearance in the dried
preparation is due to crystallisation
during the drying process.

Some applications of polarised light
microscopy

Following the demonstration of urate
crystals in synovial fluids from gouty
joints7 and of a different type of crystal
(now recognised as consisting of cal-
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 syno-
vial fluid from some patients with
osteoarthritis9 and shown by histologi-
cal 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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