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Abstract
Crystalline arthritides are characterised by the deposition of crystals in synovial fluid
(SF). Gout is the most common form and presents itself with the deposition of mono-
sodium urate crystals. Calcium pyrophosphate dihydrate (CPPD) deposition disease is
identified by calcium pyrophosphate crystals in the synovial fluid. Other less common
crystals that are found in synovial fluid are calcium oxalate monohydrate and dihy-
drate, hydroxyapatite, cholesterol and residues of intra-articular corticosteroids which
are used to treat symptoms that are caused by crystal deposition. The current method
to identify crystals in synovial fluid is compensated polarized light microscopy (CPLM).
This technique is often only available in specialised areas and the sensitivity and speci-
ficity are affected by user experience. Additionally, not all crystals are equally visible
under CPLM due to varying degrees of birefringence. Raman spectroscopy could be a
method to improve the identification of crystals because it can provide detailed infor-
mation about the chemical structure of molecules. In this study, Raman spectroscopy
was combined with polarization microscopy to improve the identification of crystals in
SF. Additionally, a platform was built to identify newly measured crystals by using
a database and correlating the measurements with the database. 195 birefringent ob-
jects were measured and 18 Raman spectra were placed in the database for correlation.
101 measurements were correctly identified with varying correlation strengths by us-
ing correlation-based crystal identification. Additionally, different sub-types of CPPD
were identified and calcium carbonate crystals in the form of calcite and aragonite were
possibly found which have rarely been mentioned in literature in combination with SF.
The corticosteroid Kenacort was also detected by using the database which is normally
challenging to distinguish from CPPD crystals. In conclusion, this study showed that
combining Raman spectroscopy with polarization microscopy can provide much new,
valuable information. It was also shown that crystal detection is possible by correlating
new Raman measurements with a database of known components. Optimisation for
different aspects such as data processing and synovial fluid sample preparation are still
required but this study has provided a foundation to work toward an improved diag-
nosis of crystals in SF by combining Raman spectroscopy and polarization microscopy.
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1 Introduction
Synovial fluid (SF) functions as a biological lubricant for joint surfaces and allows
passing of nutrients and regulatory cytokines. The visco-elastic fluid fills the cavity
between two articulating bones and provides low-friction and low-wear properties. SF
is an ultrafiltrate of blood plasma to which hyaluronic acid and lubricin are added by
synoviocytes. The typical hyaluronic acid concentration in human SF varies between
1 and 4 mg/ml and decreases with age. It is suggested that this might contribute to
age related detoriation of knee articular cartilage [1]. SF is further composed of wa-
ter, proteins, proteoglycans, glycosaminoglycans (GAGs), lipids, small inorganic salts,
and metabolites [2]. Healthy SF is transparent, viscous, colourless and present in low
amounts. Changes in these properties can be of great value when diagnosing joint dis-
eases [3]. In the Netherlands, one in nine people suffer from a rheumatic disease. While
the chances of early mortality due to rheumatic diseases are not or barely increased,
the quality of life can be severely affected. Patients with rheumatic diseases experience
pain, loss of mobility, and restrictions in their physical functioning and daily activi-
ties. Several symptoms for these diseases are similar and include one or more painful,
swollen joints. If the condition remains untreated this leads to impairment and even-
tually disability. In 2011, healthcare costs for rheumatic patients in the Netherlands
were 1.9 billion euros and it is expected that these costs will rise up to 3.7 billion
euro in 2030 because of the ageing population [4]. Rheumatic disease describes a wide
range of diseases with four main groups: osteoarthritis, rheumatoid arthritis, gout and
osteoporosis. Osteoarthritis (OA) is by far the most common rheumatic disease and
accounts for 64% of the patients. OA is characterised by the breakdown of joint car-
tilage and can be caused by wear-and-tear or injury. Rheumatoid arthritis (RA) is a
chronic inflammatory disease that can damage all organs rather than just the joints.
RA affects the joint lining and cartilage and can lead to severe bone erosion and joint
deformity. Gout is a form of crystalline arthritis and is characterised by deposition
of monosodium urate (MSU) crystals in the synovial fluid and affects approximately
19% of all rheumatic disease patients. In addition to MSU, a number of other crystals
can be found in the SF due to different metabolic changes. Because many pathologies
that involve crystal deposition in SF are represented by a similar clinical picture, it can
be challenging to correctly identify different crystals and to connect these to different
metabolic changes. For several decades, the gold standard for identification of gout and
other crystals in SF has been compensated polarized light microscopy (CPLM). This
technique is often only available in specialised areas and the sensitivity and specificity
are affected by user experience. Additionally, not all crystals are equally visible un-
der CPLM due to varying degrees of birefringence [5]. This research aims to improve
current diagnostic methods that are used for crystalline arthritides such as gout by
introducing Raman spectroscopy to the currently used polarized light microscopy. Ra-
man spectroscopy relies on inelastic light scattering and is used to identify vibrational
modes of molecules and provides a molecular fingerprint of a substance. It is expected
that Raman spectroscopy will complement polarization microscopy to increase crystal
identification.
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1.1 Crystals in synovial fluid
Crystalline arthritis is a general classification for the accumulation and deposition of
different crystals in one or more joints and specifically in SF which can cause acute
inflammatory responses. In the following sections, different crystals that have been
observed will be discussed in detail.

1.1.1 Monosodium urate

Gout is caused by the deposition of monosodium urate (MSU) crystals in synovial
tissues which leads to highly inflammatory responses or “gout flares”. Aggregates of
MSU crystals can cause chronic inflammation that can lead to structural joint dam-
age. The most affected joint in gout patients is the first metatarsophalangeal joint.
Gout can be divided in four clinical phases; asymptomatic hyperuricemia, acute gouty
arthritis, intercritical gout and chronic tophaceous gout [6]. Gout can, in contrast to
other arthritic conditions, essentially be cured by lowering serum urate levels to pre-
vent further crystal formation [7]. Gout is generally seen in men between the ages
of 30 to 45 and women over 55. Additionally, a number of comorbid conditions are
identified for gout such as renal disease, hypertension, diabetis mellitus and cardiovas-
cular diseases. Some of these comorbidities, such as renal failure, might be causing
gout whereas other comorbidities, such as hypertension, are speculated to be caused
by high uric acid levels or gout [8]. MSU crystals are formed when serum urate levels
are elevated. Urate is one of the end products of purine metabolism. Hyperuricemia
happens when MSU is above the saturation point, which increases the risk of crystal
formation. However, only a small portion of hyperuricemic patients develop gout. This
already indicates a complex relationship between serum urate levels and MSU crystal
formation. Hyperuricemia can have different causes [9]. The primary risk factor is
the general absence of urate oxidase in humans. Urate oxidase breaks down uric acid
to the more soluble allantoin in other mammals. Generally, the absence of urate ex-
pression in humans and other primates is seen as an advantage, considering the high
antioxidant properties of uric acid [10]. Unfortunately, this does result in a higher risk
for developing uric acid-related diseases. The absence of this gene alone is not enough
to induce hyperuricemia. Other contributers include purine rich diets, renal underex-
cretion of urate, patients that take diuretic medications, and conditions with excessive
cell and purine turnover. When MSU crystals are formed, they activate resident tissue
macrophages which secrete different inflammatory cytokines. From here, a neutrophilic
influx is triggered that further initiates the production of pro-inflammatory mediators.
The growth mechanisms of MSU crystals remains mostly unknown. Through an op-
tical microscope, MSU crystals are needle shaped with a triclinic structure with three
unequal axes all not perpendicular to each other. On a molecular scale, the long axis is
made of sheets from closely-spaced purine rings that are stacked on top of each other.
The purine rings each contain closely aligned urate anions and water molecules that
are bonded by hydrogen bonding. The water molecules are held in place by two sodium
ions and a hydrogen bond to the purine ring. In general crystallization processes, three
key elements are required to initiate crystal formation. The first is a reduced solubility,
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which leads to supersaturation, followed by nucleation. In nucleation clusters of solute
molecules are formed that eventually reach a critical size before stabilizing. The last
element is crystal growth. If crystals have already formed, it is likely that more crystals
will form faster [9]. A systematic literature review [11] found that the most consistent
factor involved in MSU crystal formation were elevated urate concentrations. Factors
that were found to be important for controlling urate solubility were temperature, pH
levels and sodium ions. Gout is diagnosed by aspiration of SF and identifying MSU
crystals under a polarized light microscope where the crystals are needle shaped and
show a negative birefringence. Patients can be treated with systematic doses of allop-
urinol to decrease serum urate levels and intra-articular corticosteroid injections such
as triamcinolonacetonide and methylprednisolon to alleviate pain [12].

1.1.2 Calcium pyrophosphate dihydrate

Calcium pyrophosphate dihydrate (CPPD) deposition disease is another arthropathy
that involves crystal deposition in synovial and periarticular tissues. An estimated 1%
of the Dutch population is affected by CPPD deposition disease and it occurs twice
as often in women as it does in men [13]. Pyrophosphate is a metabolic byproduct of
many intracellular processes found in most cells, and can also be produced extracellu-
larly. Pyrophosphate is involved in the healthy functioning of connective tissues such as
bones and joints. In excess however, pyrophosphate can form complexes with calcium
and form microscopic calcium pyrophosphate (CPP) crystals causing different compli-
cations [14]. CPPD describes a broad range of pathologies that involve the deposition
of calcium pyrophosphate crystals which can range from asymptomatic to chronic in-
flammatory arthritis. CPPD mostly occurs in elderly patients with over 50% of the
patients older than 84 years [15]. Acute CPPD crystal arthritis presents itself in acute
flares that result in joint pain, swelling, warmth and function loss. An attack can last
several days to weeks and is mostly seen in the knee but can also be found in other load-
bearing joints. Acute CPPD was previously known as pseudogout because the clinical
picture was very similar to gout. The cause of CPPD can vary greatly and the disease is
also associated with a number of comorbidities, some of which are also rheumatic [16].
CPPD crystals have been found in combination with rheumatoid arthritis, psoriatic
arthritis, different inflammatory arthritides, septic arthritis and gout [17]. It has been
estimated that patients with osteoarthritis (OA) are almost three times more likely
to develop CPPD. Acute CPPD flares can be caused by severe joint trauma, surgery
and genetics. Some people inherit a predisposition to CPPD crystal deposition which
makes them more susceptible for developing acute CPPD crystal arthritis. Addition-
ally, a genetic disorder hemochromatosis, where excess iron is stored in the body, has
been linked with an increased risk for acute CPPD crystal arthritis possible because
of the inhibitory activity of iron on pyrophosphatases. Other metabolic diseases that
have been linked to acute CPPD crystal arthritis are hyperparathyroidism, hypophos-
phatasia [18], hypomagnesemia [19] and a kidney disorder called Gitelman syndrome
[20][21].
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CPPD is diagnosed by clinical presentation and the presence of CPPD crystals
in the SF viewed under CPLM. Both monoclinic (m-CPPD) and triclinic (t-CPPD)
crystals can occur in SF. m-CPPD crystals are generally elongated, rod-like shaped
whereas t-CPPD crystals are more rhomboid or cuboid [22]. It has been suggested
that m-CPPD induces a stronger inflammatory response than t-CPPD when measuring
exudate volumes, leukocyte counts, protease activity and prostaglandin E2 [23]. Under
CPLM, CPPD crystals show a weak positive birefringence. Unfortunately, a great
variation exists between laboratories in their capability of recognising CPPD crystals
[24].

In contrast to gout, acute CPPD cannot be cured. Therapies are aimed at pain
management which include resting, joint aspiration and intra-articular glucocorticos-
teroid injections. Non-steroidal anti-inflammatory drugs (NSAIDs) and low-dose oral
colchicine are effective but their use is limited by toxicity and co-morbidities which are
especially relevant given the average age of the patients. Unfortunately, these treat-
ments are less successful in chronic forms of CPPD and there currently is no treatment
option that can modify the disease or stop CPPD crystal formation [25].

1.1.3 Calcium oxalate

Less commonly occurring crystals in SF are calcium oxalate crystals in monohydrate
or dihydrate form. These crystals can appear with MSU and CPPD crystals or alone.
and are typically seen in patients with hyperoxaluria. Hyperoxaluria can be caused by
a genetic disorder, or an increased intestinal absorption of dietary oxalate. Oxalate is a
natural product of the metabolism or it can be ingested via an oxalate rich diet which
includes peanuts, spinach and sweet potatoes. Oxalate is excreted through the renal
system. Excessive oxalate in the urinary tract can damage the kidneys by limiting
the renal excretion. Many patients therefore also suffer from renal failure. Increased
oxalate in tubular fluid can lead the anion to form insoluble complexes with calcium
which can lead to crystal or kidney stone formation. Kidney stones are largely made
from calcium oxalate monohydrate (COM) or dihydrate (COD). It is important to
distinguish between both because the latter appears to respond better to treatments
such as shock wave lithotripsy (SWL) [26]. Calcium oxalate crystals can deposit in
various tissues in the body, which can induce inflammatory responses that cause ab-
normal accumulation of fluid in the joints. Both COM and COD crystals are almost
indistinguishable under CPLM from other crystals such as CPPD and MSU. COM
crystals are shaped as irregular squares or rods, making them similar to CPPD crys-
tals. COD crystals have a more distinguishable envelope shape. Both crystals have a
weak positive birefringence like CPPD crystals. Like gout and acute CPPD, the treat-
ment for oxalate arthritis is mostly focused on pain relief with NSAIDs, colchicine and
steroids. However, because most patients with oxalate arthritis often also suffer from
renal diseases, the use of NSAIDs is limited. Therapy for oxalate arthritis should thus
be focused on the underlying medical disease. Patients with hyperoxaluria may benefit
from therapies that lower oxalate precipitation in tissues and urine through hydration
and crystalline inhibitors such as oral phosphorus and citrate salts [27].
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1.1.4 Hydroxyapatite deposition disease

Hydroxyapatite is an essential mineral of normal bone and teeth. Dry bone weight is
for 70% made from hydroxyapatite as the inorganic component and the enamel of teeth
is almost completely made from hydroxyapatite. Hydroxyapatite depositional disease
(HADD) describes a wide range of abnormalities that involve hydroxyapatite, including
hydroxyapatite-induced arthritis which is caused by calcium hydroxyapatite crystals.
When hydroxyapatite crystals deposit in soft tissues, an inflammatory reaction is in-
duced. The presence of hydroxyapatite crystals can give rise to acute inflammation
of tendons, intervertebral discs, joint capsules, synovium and cartilage. However pa-
tients can also be asymptomatic [28]. The most affected joint is the shoulder causing
”Milwaukee shoulder” which leads to a destructive shoulder arthropathy.

While the pathogenesis of HADD is mostly unknown, a possible mechanism is fi-
brocartilage, which is a transitional tissue between hyaline cartilage and and dense
regular connective tissue, formation triggered by local hypoxia which leads to calcium
deposition and vascular proliferation. Then, calcium is deposited in the degenerated
area and can gradually progress through the tendon or ligament [29]. Additionally, a
process similar to endochondral ossification has been suggested as a pathologic path-
way together with erroneous differentiation of tendon-derived stem cells into calcium
depositing chondrocytes or osteoblasts [30]. The pathophysiology of mobilizing hy-
droxyapatite crystals is also unknown. Several suggestions have been made which
include, tendon damage, decreased vascularity with pre-existing tissue degeneration,
local necrosis and metabolic disturbances. It is thought that any traumatic event can
encourage hydroxyapatite deposition through the fibrogenic healing cascade and depo-
sition of extracellular matrix [31]. Controversy exists about whether hydroxyapatite
crystals are the primary cause of arthritic symptoms or a secondary cause of joint
damage [32].

Calcium hydroxyapatite crystals are difficult to diagnose with conventional micro-
scopes because of their small size (75-250 nm) and the absence of birefringence in
polarized light. Correctly identifying these crystals currently requires electron micro-
scopic radioisotropic techniques or X-ray diffraction analysis. HADD usually resolves
spontaneously within four weeks, however the disease can also become chronic. The
treatment for HADD is focused on pain relief by using NSAIDs, physiotherapy, intra-
articular corticosteroid injections and in some cases surgery to remove calcifications
[33].

1.1.5 Cholesterol

Cholesterol is a lipid that is an essential component of all cellular membranes. Choles-
terol is important for membrane structure and functioning and is involved in the main-
tenance of membrane permeability and cell signalling. Occasionally, cholesterol crystals
are found in soft tissues such as the joint and tendons. The crystals are often found in
patients with rheumathoid arthritis (RA), osteoarthritis (OA) and gout. Cholesterol
crystals are a secondary symptom of several rheumatic diseases as they are thought
to appear in SF because of local factors such as increased production or defective
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metabolism of cholesterol in the synovial membrane, increased synovial membrane
permeability and intra-articular bleeding. Additionally, a systemic cause for choles-
terol crystals in RA patients can also be hyperlipoproteinemia [34]. Under a polarized
light microscope, cholesterol crystals can be characterised by their distinctive large
broad plate shape with notched corners. The crystals can show positive and negative
birefringence in varying degrees depending on the crystal orientation [35]. Cholesterol
crystals are also associated with atherosclerosis and renal diseases. The inflammatory
role of cholesterol crystals in SF is not discussed extensively in literature. Several case
studies suggest that these crystals do not contribute to symptomatic disease and it is
thought that the presence of cholesterol crystals are more a rare consequence rather
than a pathogenic factor [36]. However, it is known that cholesterol crystals can acti-
vate NLRP3 inflammasome in macrophages which is notably the same inflammasome
that is thought to trigger arthritic symptoms in gout and acute CPPD by triggering
the release of pro-inflammatory cytokines such as IL-1β and IL-18 [32]. These con-
flicting suggestions already indicate that more insight is required in the pathology and
comorbidities of the presence of cholesterol crystals.

1.1.6 Maltese crosses

SF of patients with acute monoarticular arthritis can sometimes contain maltese cross
spherules. These spherules are rare but are strongly associated with pain and fever.
Under polarized light microscopy these crystals show a strong positive birefringence. It
was long thought that these crosses were mainly composed of lipids [37][38], however,
one study [39] used Raman spectroscopy in an attempt to determine the chemical com-
position of maltese cross spherules and found that they are likely composed of calcium
carbonate rather than phospholipids or basic calcium phosphates. To understand the
pathogenesis of these crosses, their chemical composition should first be determined.

1.1.7 Intra-articular corticosteroids

For several types of arthritides, including crystalline forms, intra-articular corticos-
teroid injections are used for symptom relief and management [40]. Corticosteroid
injections can be water-soluble but water-insoluble corticosteroid esters are most com-
monly used for intra-articular injections. This can lead to microcrystalline aggregates
which can induce post-injection flares that result in a localized inflammatory response.
Commonly used steroids are hydrocortisone, cortisone, dexamethasone, triamcinolone
(KenaCort®) and methylprednisolone (DepoMedrol®) and all these have been found
in association with a post-injection inflammatory response [41].

When viewing the crystals under polarized light microscopy, they can be positively
and negatively birefringent in different degrees [42]. Although these crystals can be
present in SF for a considerable time post-injection, they are not mistaken for other
pathologies, however they can obstruct the microscopic view and make a diagnosis
more challenging [43].
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1.1.8 Crystal birefringence

Crystals consist of highly ordered and repetitive atomic structures. They can be
isotropic or anisotropic. Isotropic crystals are directionally independent thus their
physical properties are independent of their orientation. The interaction with light is
constant along all axes therefore, when light enters an isotropic crystal, it refracts at a
constant angle and propagates through the crystal with a single velocity. Anisotropic
crystals have crystallographic distinct axes and therefore their optical properties are
dependent on their orientation. When light enters on the optical axis of the crystal, the
behaviour is similar to isotropic crystals and passes with a constant velocity. However,

Figure 1: Example of positive and negative
birefringence in MSU crystals and CPPD crys-
tals under compensated polarized light microscopy
(adapted from[44])

when light enters a non-equivalent axis,
it is split into two different polarized rays
that are mutually perpendicular. This
property is called birefringence and is
seen in all anisotropic crystals in varying
degrees. One of the polarized rays is di-
rected perpendicular to the optical axis
and is termed the ordinary ray. The re-
fractive index of an ordinary ray is con-
stant, and the propagation velocity is not
dependent on the propagation direction.
The propagation velocity of the ordinary
wave is given by the ordinary refractive
index no. The direction of the second ray,

termed extraordinary ray, is oriented in the direction of the optical axis. Here, the prop-
agation velocity and the refractive index ne are dependent on the propagation direction
of the ray within the crystal.

The largest difference between the refractive indexes of the ordinary and extraordi-
nary waves is the birefringence, dn = ne−no. A crystal can be positively or negatively
birefringent. For positive birefringent materials ne > no, and negative birefringent
materials ne < no. The ray with the highest refractive index is known as the slow
ray. MSU crystals are negatively birefringent. Under compensated polarized light mi-
croscopy, this results in a yellow interference colour when the long axis of the crystal
is oriented parallel to the slow axis of the first order retardation plate (see figure 1).
When the crystal rotates 90 degrees the interference colour becomes blue. CPPD crys-
tals are positively birefringent and here, the interference colours are opposite to MSU
crystals. All other previously mentioned crystals and their microscopic and birefringent
properties are summarised in table 1.
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Table 1: Overview of crystals found in SF and their birefringent properties

Crystal type Microscopic view Birefringence
Monosodium urate Needle Strong negative
Calcium pyrophosphate Rhomboid Weak positive
Calcium oxalate
monohydrate

Rhomboid Variable positive

Calcium oxalate
dihydrate

Envelope Variable positive

Cholesterol Broad plates
with notched corners

Strong negative

Hydroxyapatite Hexagonal No
(Alazarin red stain)

Maltese cross Maltese cross Strong positive
Intra-articular
corticosteroids [45]

Irregular Strong positive
& negative

1.2 Polarized light microscopy
Light waves are electromagnetic waves where the magnetic field points at a right angle
to the electric field. Polarized light is light where the electric field is only oscillating in
one direction. A polarizer only lets light through in one orientation. A polarized light

Figure 2: Light path from light source through
birefringent sample with polarizing filters [44]

microscope is used to observe and capture
specimens that are mainly visible through
their optically anisotropic character. In a
polarized light microscope, two polariz-
ing filters are commonly used. The first
is placed between the light source and
the birefringent specimen which results in
plane polarized light. The second polariz-
ing filter, or analyser, is placed in the op-
tical pathway between the objective rear
aperture and the camera port. This is
shown in figure 2. The contrast of the im-
age comes from the interaction between
plane polarized light with a birefringent

crystal that produces two individual polarized wave components in mutually perpen-
dicular waves. It can be challenging to correctly identify different crystals because of
many similarities and a lack of parameters to distinguish the crystals. A more specific
method is necessary to unequivocally characterise a crystal. Raman spectroscopy can
provide a solution.
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1.3 Raman spectroscopy
Raman spectroscopy is based on inelastic scattering of photons. Interactions between
electrons in a molecule and the electric field of the electromagnetic radiation are what
cause the Raman effect. Because of this interaction, the polarizability of a molecule
changes which induces a temporary dipole moment that oscillates with the frequency
of the incident electric field of the electromagnetic radiation. The polarizability of a
molecule is affected by the vibrational modes of a molecule which is what gives Raman
spectroscopy its molecular specificity [46].

An quantum-mechanical description of the Raman effect can be found in figure
3. The energy levels are separated by an energy quantum ∆E = hvm with Planck’s
constant h and the molecular vibration frequency vm. When photons with energy hv0
interact with a molecule with discrete energy levels, elastic collision scatter photons of
the same energy which is called Rayleigh scattering. This accounts for most of the light
scattered by molecules. Inelastic collisions scatter photons of smaller (Stokes Raman
scattering) or higher (anti-Stokes Raman scattering) energies. Stokes Raman scattering
is more likely to occur than anti-Stokes Raman scattering because most molecules are
in their vibrational ground state at room temperature [47].

Figure 3: Principle of Raman spectroscopy based on vibrational energy states.

Vibrational modes that are exhibited by a molecule, contribute to the polarizability
of the molecule. Therefore, the induced dipole moment and the amplitude of the emit-
ted light are modulated by the frequency of the molecular vibration. The oscillating
charges make the molecule scatter light with different frequency components which a
spectrometer can analyse and translate into a Raman spectrum. A Raman spectrum
is composed of the light intensity plotted against the vibrational frequency expressed
in wavenumbers which are expressed as ṽ = 1

λ
in cm−1. Frequencies correspond to the

energy levels of different molecular vibrations and are independent from the wavelength
of the light source. A spectrum has one or more bands which reflect the vibrational
energies of the molecules within the analysed sample which are related to the nature
of bonding. Main molecular vibrations include stretching and bending modes where
frequencies of stretching modes are generally higher than bending frequencies [48].
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Raman spectroscopy has been applied to analyse MSU and CPPD crystals [49]
[50]. While MSU and CPPD crystal spectra are well defined in literature, there is a
lack of literature about the remaining, previously described crystals. Table 2 shows
an overview of these crystals and their expected Raman bands. Different studies have
shown that Raman spectroscopy can identify different crystals in SF [49][51]. A pro-
totype was even developed that would detect MSU crystals noninvasively around the
first metatarsophalangeal joint [50]. The study used four patients that were diagnosed
with gout and the Raman set-up used a 785 nm laser with a maximum power of 100
mW. Unfortunately, the device was not optimal for the clinic because of its weight and
impractical patient handling where patients needed to be placed in an exact position
before the measurement could be performed.

Another group developed a protocol to improve crystal extraction to target crystals
more easily and downsized the Raman set-up to the size of a shoebox to make it more
clinically applicable [52]. The group developed an enzymatic digestion treatment of
synovial fluid that was followed by a customised filtration process that collected crystals
over a sub-millimeter sized spot. This process made it possible to remove organic debris
and centralise all crystals within one spot without harming the crystals.

They found that their system was superior to CPLM in detecting CPPD crystals
but the opposite was true for MSU crystals. This difference was noticed especially
in SF samples with low concentrations of crystals. Their Raman spectroscopy system
was not able to detect crystals below a threshold of 0.1 µg/ml whereas CPLM can
detect even a single crystal in a sample because of the strong birefringence of the MSU
crystals. The paper argues that CPPD detection is higher with Raman spectroscopy
because of the crystals low birefringence but strong characteristic Raman signal [53].
It can be suggested to combine both methods to improve the current diagnostics.

Table 2: Overview of crystals found in SF and their expected Raman bands found in
literature. * main peaks

Crystal type Chemical formula Expected Raman bands (cm−1)

Monosodium urate [51] C5H3N4NaO3

490, 590, 631*, 680, 749,
788, 875, 1012, 1063, 1128
1208, 1274, 1338, 1367, 1418
1447, 1500, 1600

Calcium pyrophosphate [54] Ca2P2O7

438, 498, 515, 535, 560, 592,
754, 915, 1050*, 1079, 1119,
1182

Calcium
oxalate monohydrate [55]

C2CaO4 ·H2O 508, 892, 1406, 1463,
1490, 1629

Calcium
oxalate dihydrate [55]

C2CaO4 · 2 H2O 504, 910, 1413,
1476, 1626

Cholesterol [56] C27H46O 605, 700, 1440, 1467,
1670, 2864, 2930

Hydroxyapatite [57] Ca10(PO4)6OH2 960
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Extensive sample preparation of SF can be a limiting factor in a clinical setting
where the sample is analysed immediately. In the current clinical situation, SF is
obtained from the patient and immediately analysed with polarized light microscopy
to provide an instant diagnosis, the whole process taking approximately ten minutes.
This process should not be slowed down by extensive sample preparation steps and
therefore, it must be possible to use Raman spectroscopy in the same, or comparable,
manner. This study aims to integrate Raman spectroscopy into the currently used
polarized light microscopy set-up to improve diagnostic outcome without compromising
on the current diagnosis time. Additionally, a platform will be created that will make
it possible to quickly identify newly measured crystals in SF by using a database and
correlating the measurements with the database. With this goal in mind, different
questions arise that will be answered during the course of this study. These questions
include, but are not limited to:

• What is the most ideal sample preparation?

• Will all crystals be visible with the home-built microscope set-up?

• How can polarization be added to the current in-house Raman system for optimal
polarized signal?

• Which components will be found next to the components previously described?

• How should the collected data be handled to build previously mentioned plat-
form?

• Which factors in the data affect the correlation?

• What is the ideal clinical situation and which steps still need to be considered to
reach this?
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2 Materials and methods
This project was part of an ongoing collaboration between the medical cell biophysics
group from the University of Twente and Viecuri hospital located in Venlo, the Nether-
lands. All patient material was provided by VieCuri hospital. VieCuri provided SF,
aspirated with a needle derived from different joints, kidney stones and different cor-
ticosteroids for measurements. The samples were derived from both male and female
patients in varying age groups and different pathologies. The samples were stored at
room temperature for different periods of time.

2.1 Sample preparation
A total of 22 patient samples were used of which 20 where SF and two where kidney
stones and a total of 313 birefringent object where measured of which 235 were mea-
sured in this study and 78 in a previous study. 213 measurements were eventually used
in this study. Two kidney stones from two patients were measured to obtain COM
and COD spectra. In addition to patient samples, synthetic crystals and corticos-
teroids were measured as control samples. MSU and CPPD crystals (InvivoGen) were
measured as well as cholesterol, COM and hydroxyapatite (Sigma Aldrich) in crys-
tal powder form and the corticosteroids methylprednisolonacetate (Depo Medrol®40
mg/ml) and triamcinolonacetonide (Kenacort®, 40 mg/ml) which were in liquid form.
Lastly, polymeric hyaluronic acid, which is a major compound in SF, was measured
in both low (27kDa) and high (2.0-2.2 MDa) molecular weight (Mw) solutions dis-
solved in 12.5 and 1.5 mg/ml PBS respectively with repeating units (disaccharide
C14H21NaNO11) of 402.31 g/mol. All samples where labelled with the indications re-
ceived from the Rheumathologists to compare the indication with the findings from
the Raman measurements. Samples of which the diagnosis was not provided where
labelled as unknown.

SF was measured by directly placing a drop between 20-40 µl on a microscope slide
(BMS, 12290). The sample was placed on the slide either by pipetting or directly from
the syringe it was stored in which was dependent on how the sample was delivered. The
drop was then covered with a 24x50 mm cover glass (VWR, 631-0158). The sample
was dispersed over the microscope slide, covering the entire area under the cover glass.
It sometimes occurred that components in the sample, including crystals, would still
be floating, which made it difficult to measure with Raman. In this case, the sample
was left to dry for approximately 30 min so that most components would settle. The
time to find a birefringent object varied between samples. In some cases, birefringent
objects could be found within one minute whereas in other samples it could that up to
ten minutes to find birefringent object.

The kidney stones where measured in pulverized form. One kidney stone was
already pulverized and the other kidney stone (± 1 cm by 0.5 cm) was pulverized
with a hammer. Tiny fractions of the pulverized kidney stones were measured and also
placed on a microscope slide and covered with a cover glass to protect the microscope
objective. Areas were selected where the fragments of the stones where the smallest.
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From all synthetic crystals in powder form, a small amount of the powder was placed
on the microscope slide and spread out as much as possible before covering them with
a cover glass. Crystals where measured in areas where the crystals where separated
from each other as much as possible and the measured objects where approximately 10
µm long. The corticosteroids where treated in the same way as SF.

2.2 Equipment set-up
The Raman spectrometer that was used in this research was a home-built Raman
spectrometer integrated with the base of an Olympus BX41 upright microscope. To see
if polarization microscopy and Raman spectroscopy can be combined, it was essential
for the goal of this study to add polarization filters to the available Raman spectrometer
to create a polarizing effect. The next sections describe the integration of polarization
microscopy and how the system was used.

Figure 4: Representation of microscope set-up. a) Optical pathway after polarization filters. b)
pathway of Raman laser.

2.2.1 Integration of polarizing filters

The microscope (Olympus BX41) used in the Raman set-up, was modified for in-house
polarization microscopy. Two linear polarization filters were placed in the light path.
The polarizer was placed between the light source and the object plane, before the con-
denser, to convert unpolarized light into linearly polarized light. The polarization anal-
yser was placed between the objective and the CCD camera lens. Initially, a 30 Watt
halogen light was used but because this produced too much heat it had to be replaced.
An ultra bright LED light was used but the emitted power was too low. Therefore a
better LED was found and the final light was a single-colour Surface-Mounted-Device
(SMD)-LED (Farnell, LXML-PD01-0040) with an optical emitted power pf 46 mW at
627 nm with a bandwidth of 20 nm. This resulted in an image of 1024x768 pixels and
an optical resolution of 677 nm. This was enough to measure a high signal from the
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crystals when the polarization filters were at perpendicular angles to each other. The
signal intensity was strongly dependent on the type of crystal and on their orientation.
Appendix A shows the grey scales of crystals with strong and weak birefringence and
the resulting Raman spectra. The figure shows that weaker birefringent objects could
be easily recognised and surrounding birefringent objects as well. Additionally, the fig-
ure shows that a strong birefringence did not necessarily translate to a higher Raman
signal.

2.2.2 Raman microscope

Microscope images were taken in transmission mode with a 40x 0.95NA super apoc-
hromat objective (Olympus). The CCD camera had a chip for 1024x768 pixels with a
total field of view of 108 µm x 81.6 µm and an optical resolution of 330 nm, which made
the crystals, that are typically in the range of 10 µm, easily visible. The samples were
brought into focus by manually adjusting the z-axis of the microscopic stage. Then, the
polarizer at the base of the microscope, was oriented in such a way that the polarizing
filters were at a 90° angle to each other to achieve a dark spot. When the dark spot is
achieved, only birefringent specimens will transmit light through both polarizers over
the whole field of view. A krypton ion laser operating at 647.09 nm (Innova 70C ion
laser, Coherent) was focused on the sample to produce Raman scattering. The Raman
scattered light was collected through the same 40x/0.95NA super apochromat objec-
tive and dispersed in a spectrometer and collected with a CCD sensor (Andor Newton
DU-970-BV). The Raman signal was obtained from 0-3600 cm−1 through a raster scan
on a 40x40 pixel grid with and the optimal Raman signal was obtained with an illumi-
nation time of 250 ms per pixel and a chosen region of interest (ROI) frame of 10x10
µm which brought the total measurement time to just under 7 minutes. The step size
was small because a crystal such as MSU can be as thin as 1 µm in width and if the
stepsize is too big, the signal cannot be measured.

2.2.3 Calibration

On each day that samples were measured, the intensity and wavelength of the Rayleigh-
Raman spectrometer was calibrated to convert the raw data to calibrated data in
wavenumber (cm−1) vs counts. The pixel-to-wavenumber conversion was performed by
measuring the Raman spectrum of liquid toluene and using an argon-mercury lamp.
The Raman peaks in the toluene spectrum are known relative wavenumber shifts with
respect to the exciting laser line at 0 cm−1 shift. The argon-mercury lamp has narrow
emission lines with an accuracy up to picometer precision. An intensity calibration
was performed to correct the wavelength-dependent transmission of the Raman setup
and the pixel-to-pixel variation in the detection sensitivity of the CCD camera. This
was done by acquiring a white light spectrum from a tungsten halogen light source
(AvaLight-HAL; Avantes BV, Apeldoorn, the Netherlands). The offset of the detector
was obtained with a measurement where no light was falling onto the detector. Lastly,
a background measurement where the spectrum of the entire light path through the
setup with the laser on was obtained and later subtracted from all measurements.
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2.3 Data analysis
To create a platform that can be used to identify different crystals in SF, the data
analysis was divided into three parts: 1) development of a data analysis model to
generate a Raman spectrum that can be placed in the database or be stored as a
measurement, 2) building a database and 3) applying the database. In the database,
all expected crystals spectra as previously mentioned were placed. To identify a newly
measured crystal, the Raman spectrum would be correlated with all Raman spectra
in the database. All data processing and analysis was performed in Matlab 2019b
(Mathworks, Eindhoven, the Netherlands). The pathway of all data processing steps
can be found in figure 6 which will be explained in detail in the next sections.

2.3.1 Development of a data analysis model

All raw data of the measurements from one day were processed with the calibration
data from the same day as described in the previous section. This would result in
files that could be used in Matlab for further data processing (mQCR files). One
measurement, and therefore one mQCR file, contained 1600 Raman spectra from each
measured pixel. The mQCR files were loaded one by one in the next program to obtain
the crystal data. In the pre-treatment steps the spectral interval between 300 and 1800
cm−1 was selected in the data. Then cosmic rays and outliers were removed. These were
detected by calculating the median from the data and comparing this to six times the
standard deviation of the data as can be seen in formula 1. Here, y represents the data,
Med is the median and σ is the standard deviation. The median and standard deviation
are based on the 1600 Raman spectra. Any peaks that exceeded this threshold were
replaced by an interpolated spectrum. Then, all data was interpolated to the same
grid of 750 data points from 300-1800 cm−1.

|y −Med(Y ))| > 6σ(Y )) (1)
The data then underwent baseline correction using the Whittaker baseline sub-

traction over the interval of 300-1800 cm−1. This function fits different lines to the
data-sets and calculates the distance between the fitted line and the actual data and
squares them. The best lines is considered to be the one with the lower sum of squares.
To avoid over-fitting the data and thus removing important peaks in the Raman spec-
trum, the function checks for variation in the data-points. If there is suddenly a big
shift between two data-points, which happens in case of a peak, a penalty is added to
the sum to increase the value of the fitted line. After baseline subtraction, the data
was normalised with z-score normalisation which uses formula 2.

z = x−X
S

(2)

This formula describes the z-score of a data point x from sample data with mean
X and standard deviation S. The z-score is returned such that each Raman spectrum
from the 1600 are centered to have mean 0 and to have standard deviation 1. Finally,
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multivariate analysis of the Raman spectra was performed with principal component
analysis (PCA). PCA was performed on the spectral region between 300 and 1800
cm−1. PCA uses multidimensional scaling to linearly transform variables to a lower
dimensional space but still preserving as much of the data’s variation as possible. The
most relevant information from the spectral data matrix is extracted with PCA. It is
then shown as a linear combination of orthogonal principal components with loadings
(scores) for the contribution of the variance to the data. A single score value was
assigned to each measured pixel in the ROI and a Raman image was reconstructed
based on the scores. A high score of a certain loading indicated a high contribution of
that loading to that specific pixel, which can be representative for a substance. The
first principal component can be defined as the direction with maximum variance of
the projected data. Here, the first nine principal components were used which should
have captured most of the variance in the data. All Raman spectra used in this study
where created by using the results from the PCA scores plots. This will be further
explained in the following sections.

2.3.2 Building a database

Ideally, the database should contain Raman spectra of all components that were ex-
pected to be present in SF. Because not all components were directly found in SF,
synthetic components were used in addition to the findings in patient samples. Addi-
tionally, the Raman spectra in the database had to have as little contribution from SF
components as possible. Figure 5 shows how a crystal Raman spectrum was created.
Out of nine scores plot that resulted from the PCA, the plot that represented the
crystal most was manually selected. Each scores plot contained 1600 pixels where each
pixel contained one Raman spectrum. From the chosen scores plot, the minimum pixel
value that represented the crystal was selected and all pixels above this value were
averaged to create one Raman spectrum representing the crystal. Then, the maximum
contribution to the background was selected and all pixel values lower than this value
were averaged and subtracted from the crystal spectrum.

Figure 5: Data processing where in a) the scores plot representing a crystal from yellow to white
pixels corresponding to high score values compared to the background represented with the red to black
pixels which results in b) an average crystal spectrum and a background spectrum that is subtracted
which leads to c) a Raman spectrum that is placed in the database or saved as a measurement
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2.3.3 Using the database

In each sample, five birefringent objects were measured on average and processed as
single spectra. The amount of crystals in an SF sample varied between 1-2 crystals
per field of view up to 10-20 crystals per field of view. Once all measurements were
performed, each single spectrum that was collected from the crystals was correlated
with the Raman spectra in the database with the corrcoef Matlab function. Matlab
uses the Pearson correlation coefficient which is defined as in Equation 3 where the
correlation coefficient of two random variables with N scalar observations is defined as:

ρ (A,B) = 1
N − 1

N∑
i=1

(
Ai − µA
σA

)(
Bi − µB
σB

)
(3)

with µ and σ as the mean and standard deviation of variables A (database compo-
nent) and B (Raman spectrum from measurement) respectively. This function resulted
in the calculation of the Pearson correlation coefficient which is a number between mi-
nus one, zero and one. Zero represents no correlation, one represents a perfect positive
and minus one a perfect negative correlation. The correlation strength of the associa-
tion between one measurement and all database components was determined. Finally,
the measured crystals were identified by using the database components with the high-
est correlation with each single crystal spectrum. In the end an overview was created
with the expected component(s) (according to the diagnosis from a Rheumatologist),
the found component according to the database and the strength of the correlation
between the measurement and the database component. This way it was possible to
compare the initial diagnosis to the measured components and to possibly confirm the
initial diagnosis, to identify components that were not recognised by Rheumatologists
and to specify those components on the basis of the information in the database.

Figure 6: Schematic representation of data processing from when the measurements were performed
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3 Results
In this section, different results of the study are presented from equipment optimization
to data analysis.

3.1 Optimization polarization integration
Different approaches were used to optimize the intensity of the signal after placing the
polarization filters in the optical pathways. The final set-up that allowed the most light
to pass through the system was achieved with a single-chip SMD LED with a power of
2 Watt and when the condenser was placed exactly underneath the sample. This way
it was possible to also image weakly birefringent specimens in the sample. The bright
field image and polarized image can be found in figure 7. The camera provides 8-bit
images.

Figure 7: Example of the integration of the polarization filters with a) original brightfield image
of an SF sample where crystals are seen surrounded by cells b) image when polarization filters are
turned in such a way that a dark spot is achieved and c) resulting Raman spectrum from a detected
crystal in polarization mode (CPPD crystal) after data processing. Scale bar = 10 µm

3.2 Building a database
The database was constructed and optimised during the study. In the first database (N1
in the table), it was assumed that CPPD was one type of crystal. With this assumption
in the database, an overview was made to see how the data was divided (table 3). The
overview shows how many times different correlation strengths were found between
the measured Raman spectra and the database. This database contained 13 Raman
spectra of crystals.

The database was improved by dividing CPPD in three categories: triclinic CPPD
(t-CPPD), monoclinic CPPD (m-CPPD) and dimorphic CPP tetrahydrate (m-CPPT
β). Additionally, the Raman spectrum of calcium carbonate was found in the form of
calcite. All components were added to the second database which then contained 17
Raman spectra. By adding these components, the components that correlated poorly
(r < 0.6) were reduced by almost half from 97 to 59. The third improvement, N3,
of the database was the definition of calcium carbonate in aragonite form. Calcite
and aragonite have the same chemical formula CaCO3 but their atoms are stacked in
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different configurations which cause slight shifts in the Raman spectrum. Defining this
sub-species resulted in an improvement in the high correlations (r > 0.9) from 39 to 47
compared to the second database N2. The final database contains 18 Raman spectra.
All Raman spectra that were placed in the database can be found in appendix B.

Table 3: Overview of the number of measured Raman spectra that correlated with
Raman spectra from the database in different correlation strengths. N1 is the number of
correlations resulting from the first database. N2 and N3 are results from improvements
made to the database.

Correlation
coefficient N1 N2 N3

r ≥ 0.9 26 39 47
0.8 ≤ r <0.9 38 57 54
0.7 ≤ r <0.8 16 23 18
0.6 ≤ r <0.7 21 19 20

r ≤ 0.6 97 59 56

3.3 Crystal detection using data correlation
With the improved database, 195 measurements were used for data analysis. Three
measurements where not used. With the information obtained from the correlation
between the single Raman spectra and the database components, several findings were
made that will be discussed in the following sections. The correlation strengths that
were analysed ranged from lower than 0.6 to a correlation higher than 0.9. The corre-
lation strengths were classified as follows:

r ≥ 0.9 Excellent
0.8 ≤ r <0.9 Very good
0.7 ≤ r <0.8 Good
0.6 ≤ r <0.7 Fair
≤ 0.6 Poor

3.3.1 MSU detection

Out of 195 measurements, 54 Raman spectra were predicted to be MSU, based on the
judgement of the researcher. It was calculated how many times MSU was predicted
and also how many times it was observed with different correlation strengths. As can
be seen in figure 8, eleven measurements that were predicted to be MSU correlated
with an excellent correlation strength. 25 MSU values correlated very good with MSU
from the database. Six Raman spectra that were predicted to be MSU correlated with
another spectrum from the database which can be found in appendix C figure 16.
One of these Raman spectra correlated fair and five Raman spectra correlated poorly.
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From these measurements, five correlated with the cholesterol Raman spectrum and
one correlated with t-CPPD. Looking at the Raman spectra that correlated fair or
poorly, it can be seen that all Raman spectra are either missing characterising Raman
peaks, such as the main peak at 631 cm−1, or have some additional peaks that are not
consistent with the MSU Raman spectrum.

Figure 8: Number of times MSU was predicted and the measured Raman spectrum correlated with
MSU or another component from the database with different correlation strengths.

The Raman spectra that were predicted to be MSU and correlated with MSU but
with an fair correlation (Appendix C, figure 17), show that all except one of these
Raman spectra has at least the characteristic peak around 630 cm−1. In these spectra
it can be seen that this peak is either not the main peak, that part of the MSU
spectrum is missing or that too much background was subtracted from the Raman
spectrum leading to negative peaks in the Raman spectrum.

3.3.2 CPPD detection

48 measured objects were predicted to be CPPD based on their Raman spectrum. 39
Raman spectra were divided within the sub-categories of CPPD by the correlation as
can be seen in figure 9. 24 Raman spectra correlated with a database component with
an excellent correlation. Sixteen were classified as t-CPPD, three as d-CPPt β and five
as another component. 20 Raman spectra correlated with very good, of which twelve
correlated with t-CPPD, four with m-CPPD, one with d-CPPt β and one as another
component. From the components that were classified as other, two correlated poorly
(see appendix D). One of these spectra correlated with cholesterol (r=0.11), the other
correlated with hydroxyapatite (r=0.27). When looking at the Raman spectra, it can
be seen that neither of these spectra represent any of the characteristic peaks for the
CPPD sub-types. The remaining nine Raman spectra that were classified as other were
identified to be different forms of calcium carbonate and will be discussed in section
3.3.4.
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Figure 9: Number of times CPPD was predicted and the measured Raman spectrum correlated with
a CPPD sub-category or another component from the database with different correlation strengths.

3.3.3 Detection of unknown components

From all measurements, 75 Raman spectra were classified as unknown. Figure 10 shows
how these Raman spectra were correlated with all components in the database with
different correlation strengths. The figure shows that seven components were identified
with an excellent correlation strength. These components are t-CPPD (1), calcite (1),
aragonite (2) and KenaCort (3). Eight components where identified with a very good
correlation strength. These are MSU (2), m-CPPD (2) and aragonite (4).

Figure 10: Number of times the Raman spectrum was unknown and correlated with components
from the database with different correlation strengths.
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Notable in this graph is that 43 Raman spectra correlated poorly with the database
and that a great portion of these are correlated with cholesterol. Looking at some of
these Raman spectra (appendix E) it can be seen that most of the spectra do not
have the characteristic peak for cholesterol at 700 cm−1 but that the spectra do have
broad Raman peaks around 1440 cm−1 and 1660 cm−1 which are similar to the Raman
spectrum of cholesterol.

3.3.4 Detection of new crystals

During the study, many unknown Raman spectra were measured. Calcium carbonate
crystals were found in the form of calcite and aragonite. Adding these Raman spectra
to the database revealed the substances to be present in more patient samples (see
figure11). Eleven Raman spectra correlated with calcite of which six with an excellent
correlation, one with a good correlation, one with a fair correlation an three with a poor
correlation. Four Raman spectra correlated excellent with aragonite, five correlated
very good and one correlated fairly.

Figure 11: Number of times calcium carbonate crystals in the form of calcite and aragonite were
found with different correlation strengths when the Raman spectrum was predicted to be CPPD or
the Raman spectrum was unknown

The poor correlating Raman spectra can be found in Appendix F. have similar peaks
to the calcite spectrum in the database but are slightly shifted. Additionally it can
be seen that these Raman spectra contain additional peaks that do not represent the
calcite spectrum. Other unknown Raman spectra have currently not been identified.
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3.3.5 Synthetic crystals

Lastly, all synthetic components that were measured were correlated with the database
to see how much this data associated with their respective components from the
database. Figure 12 shows that all but two Raman spectra correlated with their respec-
tive database components and that eight measurements correlated with an excellent
correlation, three measurements correlated with a very good and another three with a
fair correlation.

The poorly correlating Raman spectrum and the measurements that did not cor-
related with their respective database components can be found in Appendix G. The
poorly correlating MSU Raman spectrum does contain all characteristic peaks but the
signal is really low. One synthetic cholesterol sample did not correlate with cholesterol
but with the substance found in one of the kidney stones (r=0.26). This spectrum
did contain the peak that is characteristic for cholesterol at 696 cm−1, the rest of the
Raman spectrum however, contains a lot of noise. One Raman spectrum that was
supposed to be calcium oxalate monohydrate but correlated with MSU. This Raman
spectrum is more similar to calcite with peaks at 712 and 1065 cm−1 Additionally,

Figure 12: Number of times the Raman spectra from synthetic crystals correlated with their respec-
tive database components with different correlation strengths. The numbers indicate the amount of
times the components were measured.
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3.4 Patient diagnosis
After evaluating the effect of correlating measurements to a database, it was assessed
how this would translate to the individual patient samples. All diagnoses from the
Rheumatologists were compared to the findings from the Raman measurements. This
was done by using correlation-based crystal identification and these results can be found
in table 4. This table contains the compounds that correlated with the database with
at least, what was considered, a good correlation. From the 22 patient samples, six
samples were indicated to contain only MSU, two samples where indicated to contain
only CPPD, one sample indicated a combination of MSU, CPPD and Kenacort, two
samples where kidney stones, one sample contained maltese cross like crystals, another
sample contained no crystals and from nine samples the indication from the Rheuma-
tologist was not provided. Thirteen samples were provided with an indication from
the Rheumatologists. In five of these cases, the found components matched with the
provided indication. This includes the two kidney stones where COM was measured
which is a major component of kidney stones. In sample four, the indicated compo-
nent was found with an additional component. In sample nine, the indication partly
matched the found components but an additional compound was found. In samples
six, seven and eight, the indication from the Rheumatologist did not match with the
found components. In samples fourteen, fifteen, sixteen, nineteen and twenty where
the content was unknown, one component was identified. In sample 18 and 22, two
components where identified, in sample 21, two components where identified and one
unknown component was found. In sample 17 only a component was found but the
Raman spectrum was not clear enough to make out the substance. In this table, only
the measurements that correlated higher than 0.7 are included. The full table with all
correlations can be found in appendix H. If more than one substance is mentioned, this
means that both the substances where found in separate measurements.
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Table 4: Comparison between object identification in SF by Rheumathologist and
found components with the combination of CPLM and Raman spectroscopy.

Sample
number

Diagnosis from
Rheumatologist Found with Raman

1 MSU MSU
2 MSU Unknown Raman spectrum
3 MSU MSU

4 MSU MSU,
Calcite

5 MSU Two unknown Raman spectra

6 MSU Hydroxyapatite,
Aragonite

7 CPPD Calcite
8 CPPD Aragonite

9 MSU, CPPD, KenaCort Calcium oxalate monohydrate,
t-CPPD

10 Kidney stone Calcium oxalate monohydrate
11 Kidney stone Calcium oxalate monohydrate
12 Maltese cross Two unknown Raman spectra
13 No crystals No crystals
14 Unknown t-CPPD
15 Unknown MSU
16 Unknown MSU
17 Unknown Unclear Raman spectra

18 Unknown Aragonite,
t-CPPD

19 Unknown Calcite
20 Unknown MSU

21 Unknown
m-CPPD,
t-CPPD,
Unknown Raman spectrum

22 Unknown t-CPPD,
Kenacort
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4 Discussion
The goal of this study was to combine Raman spectroscopy with polarization mi-
croscopy to improve the diagnosis of crystals in synovial fluid. The current diagnostic
problem is that not all crystals are correctly identified with just CPLM. This is be-
cause of similarities between crystals that are sometimes overseen even by specialised
personnel. Another goal of this study was to construct a platform that would make
it possible to identify crystals measured with Raman spectroscopy by correlating the
Raman spectra with a database that was constructed of Raman spectra from crystals
that are known to be present in SF. To achieve this goal, different sub-questions were
also constructed and this section will discuss all questions in relation to the results. By
integrating polarization filters into the Raman set-up and developing a data analysis
platform, it was possible to detect multiple components that are not distinguishable
in the current clinical setting. Different components were found that have not or only
scarcely been mentioned before such as calcium carbonate derivates calcite and arago-
nite. Additionally, different forms of CPPD were defined and distinguishable with the
developed correlation algorithm.

First, Raman spectroscopy was combined with polarization microscopy was per-
formed by integrating polarization filters into a home-built Raman set-up. Different
optimisation steps were needed to detect the highest signal from the crystals such as
increasing the power of the light source and adjusting the placement of the condenser.
There are still limiting parameters that require optimisation. For instance, the CCD
camera provides only 8-bit images. When the field of view would contain both a weak
and strong birefringent specimen, it is possible that the weak birefringent specimen
is not visible anymore. Additionally, the images are in grey-scale which makes it im-
possible to distinguish positive from negative birefringence. However, much newer
equipment is used in clinical settings which would mean that the limits from this study
are not necessarily limiting for introducing Raman spectroscopy to the clinic. Overall,
once the light source was powerful enough and the condenser was positioned correctly,
most crystals, which were approximately 10 µm on average, could be observed. The
intensity of the signal from the crystals varied, and was partly dependent on the ori-
entation of the crystal. As shown in Appendix A, the intensity of the Raman signal
was not necessarily dependent on the intensity of the signal from the crystals. There
are other factors that do affect the Raman signal. The orientation of the crystal can
affect the Raman signal and cause small shifts in the Raman spectrum [58]. Another
factor that can influence the Raman measurement is the presence of cells in SF which
is part of the immune response. While these intra-cellular crystals are visible with
polarization microscopy, measuring these crystals with Raman spectroscopy can cause
interference. The presence of cells can mostly be filtered out by PCA but it is possible
that small contributions of the cells to the Raman spectrum of the crystal still occur.

The current measurement time is close to seven minutes. In a clinical setting, where
more than one crystal needs to be measured per patient, this is not ideal. During this
study, 1600 pixels were measured with an illumination time of 250 ms per pixel. To
reduce the measurement time, a smaller frame could be used or just a part of a frame
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where a line could be drawn through the object. In some cases, the crystals could
not be measured immediately because the content of the SF was floating through the
sample. In this case, the sample would be left to dry for approximately thirty minutes
which also is not optimal in a clinical setting. A smaller sample volume might be
a solution because the sample might spread faster over the microscope slide. This
could however, also lead to that not all components will be observed because of lower
sample volume. Another solution might be the use of different microscope slides with
channels but here the cost of of the material should also be taken into consideration.
Additionally, a method to enzymatically digest SF could be used to collect all crystals
as previously mentioned [52]. This way, all organic debris can be filtered and only the
crystals would remain. The study that describes this method mentions that with this
method the MSU and CPPD crystals are not degraded. This should be confirmed for
other crystals. Additionally the process of this enzymatic digestion takes more than
hour and should therefore also be optimised if this would be a promising method.

After optimising all optical settings, the data processing was optimised. During
the selection of the spectral data of the crystal during PCA analysis, a contribution
of background signal is also selected and subtracted from the crystal spectrum. In
some measurements this may have led to over-subtraction leading to negative peaks
in the final Raman spectra. To prevent over-subtraction, a fitting function that first
fits the background spectrum to the crystal spectrum before subtraction could be used
instead of just subtracting the background spectrum. Another method to select only
the crystal spectrum would be by hierarchical cluster analysis. This method uses the
information from the PCA to create clusters of the available data. This way, a cluster
representing the crystal could be selected and the average Raman spectrum could be
extracted. In some Raman spectra it can also be seen that at the beginning and the end
of the spectra a large peak upwards or downwards is observed (see appendix F, figure
20a and b). This was probably caused by the Whittaker baseline subtraction function.
This function was used on only the interval 300-1800 cm−1 rather than over the whole
Raman spectrum. When taking the entire Raman spectrum and these peaks would
be observed at the beginning and the end, they would not contribute to the Raman
spectrum anymore when the interval 300-1800 cm−1 was selected. It is important to
evaluate the way the data was processed because every step influences the Raman
spectra and can influence the correlation of the data with the database.

An important factor in constructing a database is understanding the components
that go into the database. This became clear when CPPD was divided into sub-
categories and calcite and aragonite were identified which improved the outcome of
the correlations. This change has led to the observation that most correlated Raman
spectra could be correlated with a correlation coefficient higher than 0.8 and it is
expected that further optimisation of the database can further improve the numbers.
Characterising more unknown Raman spectra would be one way to further optimise
the database. A number of Raman spectra were found that could not be identified
with the available knowledge on crystals in SF. Another way to improve the database
is to expand it with more of the same Raman spectra but with little shifts in the
spectra. This way when a new measurement is run through the database it has a
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higher chance to be detected even when the spectrum is slightly shifted from the
expected Raman spectrum. Additionally it could be helpful to detect characteristic
peaks in the Raman spectra after the correlation is performed. In some measurements,
the correlation was correct, meaning that the correct database component correlated
to the measurement, but the correlation coefficient was lower than 0.6 (see appendix C
figure 17). An additional check for characteristic Raman peaks could help in the cases
that the correlation is not straightforward. A previous study [59] already developed
a model to identify Raman spectra by using this exact function. However this model
was quite complicated and not fully optimised. By using part of this program to only
identify the main peak (in the case of MSU around 630 cm−1) to aide the correlation
program and maybe reduce data processing time.

By using the database, 87 measurements that were predicted to be MSU or a form
a CPPD, were correctly identified with varying correlations. An interesting find was
that a large portion of the unknown Raman spectra correlated poorly with cholesterol.
Cholesterol is a substance that has many Raman peaks which might be the reason
why it correlates with many spectra that are probably not cholesterol. One synthetic
cholesterol Raman spectra correlated fair with the cholesterol Raman spectrum in the
database which was also synthetic. Another synthetic cholesterol measurement did
not even correlate with the database cholesterol. These Raman spectra were expected
to be nearly identical since it was the same substance and there was no background
interference from SF. Therefore, the Raman spectrum of cholesterol is thought to cause
a lot of interference with other components as seen in MSU detection (see figure 8).
These observations should be assessed carefully to prevent that wrong conclusions are
drawn from these observations.

The Raman spectra of calcium carbonate in the form of calcite and aragonite were
initially not expected to be found. With polarization microscopy, these components
were not distinguishable from CPPD crystals as they have similar shape and are also
negatively birefringent. Upon measuring, the Raman spectrum was unknown and often
classified as CPPD. Literature searches revealed that the Raman spectrum represented
calcite based on the similar peaks found around 1086 and 712 cm−1 and peaks at 1085
and 706 cm−1 for aragonite [60] [61]. Calcite and aragonite are anhydrous crystal
form of calcium carbonate. Depending on the conditions, the polymorphisms can
transform between each other. The type of polymorphism that will form depends on
environmental factors such as pH and temperature [62]. Calcite and aragonite are
known components in gall stones [63], but literature is lacking on these crystals in SF.
One study that focused on the evolution of calcium phosphate precipitation in situ
measured with Raman micro-spectroscopy, found that calcite formation is strongly
dependent on changes in the pH [64]. Calcite and aragonite were found in multiple
patient samples (see table 4 in section 3.4) and therefore it is interesting to further
analyse where this compound originates from.

Another find in the patient samples was hydroxyapatite (see table 4 in section
3.4). This crystal is not birefringent and also very small (75-250 nm). Therefore,
detecting it with Raman spectroscopy in polarization mode is quite surprising. The
correlations were not in the highest segment but with an r of 0.78 and 0.75 and further
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inspection of these Raman spectra it was confirmed that they were the Raman spectra
of hydroxyapatite. The confirmation was based on the peaks at 426, 588, 958, 1044 in
the Raman spectrum placed in the database (see appendix B, figure 15e,f) and similar
peaks described in literature [65]. With the database it was also possible to identify
the corticosteroid Kenacort in SF. Rheumatologists from VieCuri have indicated that
finding this compound is difficult with only CPLM because of similarities with other
crystals. With the addition of Raman spectroscopy it is easily distinguished from other
crystals.

Overall, the differences observed between the indication from the Rheumatologists
and the measured components with Raman spectroscopy are interesting. In some pa-
tient samples the indicated components were not even found. This does not mean that
the component was not there but it was not detected. It does mean that there is much
more information to be gathered from SF than the currently available information. It
should be assessed how many crystals in a sample need to be measured to create an
accurate picture of all components in SF. Additionally, a method should be found to
obtain and centralise all crystals present in a patient sample. In this study, approxi-
mately five measurements per sample were performed which is probably too little to
create the full picture. When the full picture is there, hopefully more accurate diag-
noses and possibly underlying pathologies and metabolic changes come to the surface
which could greatly improve treatment options and patient care. Additionally, it could
be valuable to measure SF from healthy donors but this is difficult to obtain because
in healthy conditions. SF is only present in very small amounts.

In conclusion, it was shown that combining Raman spectroscopy with polarization
microscopy can provide much new, valuable information. It was also shown that crystal
detection is possible by correlating new Raman measurements with a database of known
components. By using this platform it was possible to categorise CPPD crystals and
even a new component was found namely calcite. Additionally it was possible to
identify the corticosteroid Kenacort in one of the patient samples by using the database.
Optimisation for different aspects such as data processing and SF sample preparation
are still required but this study has provided a foundation to work toward an improved
diagnosis of crystals in SF by combining Raman spectroscopy with polarized light
microscopy.
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5 Future perspectives
Many steps still need to be taken to bring Raman spectroscopy to the clinic. Different
optimisation steps were already discussed in the previous section. This section will de-
scribe additional means that are thought to be necessary to optimally combine Raman
spectroscopy with polarization microscopy.

Currently, SF samples are obtained from the patients and viewed under a micro-
scope directly after aspiration. If Raman spectroscopy would be implemented, an
automated program that detects birefringent objects could be developed. In Appendix
A it is already shown that by viewing crystals in polarisation mode, the birefringent
objects can be distinguished from the rest of the components in the sample. Ideally, an
automated program would detect birefringent objects, determine an area that should
be measured and instantly obtain the Raman spectrum from the object. The obtained
data is then also immediately processed and correlated to obtain a diagnosis. Instead
of measuring an 10x10 µm area with 1600 pixels, an area based on the detection of
the birefringent object could be automatically determined to increase the speed of the
measurements. This concept is illustrated in figure 13. Several birefringent objects
would be measured and in each object, an area on the object is selected in the form of
the line and the Raman spectrum is obtained from one object. This spectrum is run
through the database and a correlation is provided with a corresponding subject. This
is repeated for all birefringent objects in one field of view and eventually a diagnosis is
provided with all components found in the sample.

Figure 13: Future automated program to detect crystals in SF: birefringent objects are detected by
an automated program which selects an area in the form of a line to be measured per object. This
results in a Raman spectrum per measured object that is automatically run through the database.
The database then outputs the correlations with the indications and provides a diagnosis.

Ideally, the sample would be pre-treated in such a way that all crystals are isolated
and centred in one place so that all crystals are visible simultaneously. Many steps still
need to be taken to get to the point that Raman spectroscopy can be integrated and
used in the clinic but this study provides the first steps and a foundation to further
develop this concept.
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Appendices
A Signal from birefringent objects

Figure 14: Grey scale images from different objects. a,b,c) brightfield images from
Clacite, tCPPD and MSU respectively with brightfield imaging with polarizing filters
placed perpendicular to each other to achieve a dark spot. d,e,f) grey scale images from
the same crystals with different intensity levels. g,e,f Raman spectra of the objects
indicated by the white square in a,b and c
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B Raman spectra in the database
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Figure 15: All Raman spectra that were placed in the database. a,b) Presumed calcite.
c,d) Calcium oxalate. e,f) Hydroxyapatite. g,h) Spectra form kidney stones. i) m-
CPPD. j) m-CPPT β. k,l) t-CPPD. m,n) MSU. o) Corticosteroid DepoMedrol. p)
Kenacort. q) Cholesterol. r) Aragonite.

39



C Correlation of MSU Raman spectra

Figure 16: Raman spectra from measurements that where predicted to be MSU but
correlated with other database components
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Figure 17: Raman spectra from measurements that where predicted to be MSU and
correlated with MSU with a correlation coefficient lower than 0.6
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D Correlation of CPPD Raman spectra

Figure 18: Raman spectra from measurements that where predicted to be CPPD but
correlated with another database component
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E Correlation of unknown components

Figure 19: Unknown Raman spectra that correlated with cholesterol with different
correlation strengths
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F Detection of new crystals

Figure 20: Unknown Raman spectra that correlated with calcite with different corre-
lation strengths
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G Correlation of synthetic crystals

Figure 21: Synthetic crystals that correlated with different database components or
correlated poorly. a) Synthetic MSU correlating poorly with MSU. Characteristic MSU
peaks are present. b) Synthetic calcium oxalate monohydrate correlating poorly with
MSU. Peaks are similar to calcite Raman spectrum. c) Synthetic cholesterol correlating
with one of the kidney stone Raman spectra from the database.
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H Patient samples

Table 5: All patient samples with indications obtained from Rheumatologists and
Raman spectra that where found in the samples

Sample
number

Indication from
Rheumatologist

Times
measured

Found with
Raman

Correlated with
database Correlation

1 MSU 3 MSU
MSU 0.84
MSU 0.97
MSU 0.83

2 MSU 3 Unknown Raman
spectrum

Cholesterol 0.55
Cholesterol 0.26

MSU 0.37

3 MSU 4 MSU

MSU 0.79
MSU 0.85
MSU 0.68

Cholesterol 0.62

4 MSU 4 MSU, calcite

Calcite 0.78
MSU 0.78
MSU 0.62
MSU 0.53

5 MSU 5 Two unknown
Raman spectra

Cholesterol 0.42
Cholesterol 0.41
Cholesterol 0.55
DepoMedrol 0.36

Calcite 0.62

6 MSU 6 Hydroxyapatite,
aragonite

Hydroxyapatite 0.75
Hydroxyapatite 0.77

Aragonite 0.90
Aragonite 0.90
Aragonite 0.93

Cholesterol 0.18

7 CPPD 6 Calcite

Calcite 0.93
Calcite 0.98
Calcite 0.93
Calcite 0.95
MSU 0.11

Cholesterol 0.11

8 CPPD 6 Aragonite

Aragonite 0.93
Aragonite 0.98

Kidney stone 0.42
Kidney stone 0.1
Kidney stone 0.43
Cholesterol 0.37

9 MSU, CPPD,
KenaCort 8 t-CPPD, calcium

oxalate monohydrate

t-CPPD 0.93
t-CPPD 0.96
t-CPPD 0.97
t-CPPD 0.4

Kidney stone 0.74
m-CPPt-β 0.1

Hydroxyapatite 0.19
Hydroxyapatite 0.27

10 Kidney stone 4 Calcium oxalate
monohydrate

Kidney stone 0.62
Kidney stone 0.61
Kidney stone 0.92

Calcium oxalate
monohydrate 0.83

11 Kidney stone 5 Calcium oxalate
monohydrate

Aragonite 0.60
Aragonite 0.51

Kidney stone 0.92
Calcium oxalate
monohydrate 0.18

Continued on next page
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Table 5 – continued from previous page
Sample
number

Indication from
Rheumatologist

Times
measured

Found with
Raman

Correlated with
database Correlation

Calcium oxalate
monohydrate 0.74

12 Maltese cross 3 Two unknown Raman
spectra

Kidney stone 0.37
Kidney stone 0.39
Kidney stone 0.41

13 No crystals 0 No crystals

14 Unknown 3 t-CPPD
t-CPPD 0.97
Calcite 0.29
Calcite 0.31

15 Unknown 1 MSU MSU 0.88

16 Unknown 4 MSU

MSU 0.78
MSU 0.83
MSU 0.84
MSU 0.62

17 Unknown 1 Unclear Raman spectra Kidney stone 0.25

18 Unknown 7 Aragonite, m-CPPD

m-CPPD 0.82
m-CPPD 0.81
m-CPPD 0.79
m-CPPD 0.73
Aragonite 0.83
Aragonite 0.81
Aragonite 0.65

19 Unknown 1 Calcite Calcite 0.71

20 Unknown 4 MSU

MSU 0.31
MSU 0.41
MSU 0.72
MSU 0.73

21 Unknown 6 m-CPPD, t-CPPD,
unknown spectrum

m-CPPD 0.87
t-CPPD 0.87
t-CPPD 0.96
t-CPPD 0.96
t-CPPD 0.97

MSU 0.14

22 Unknown 5 t-CPPD, Kenacort

t-CPPD 0.9
t-CPPD 0.98
Kenacort 0.91
Kenacort 0.95
Kenacort 0.92
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