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Abstract

Objective: To describe the characteristics of calcium pyrophosphate (CPP) crystal size and
morphology under compensated polarized light microscopy (CPLM). Secondarily, to describe CPP
crystals seen only with digital enhancement of CPLM images, confirmed with advanced imaging
techniques.

Methods: Clinical lab-identified CPP-positive synovial fluid samples were collected from 16
joint aspirates. Four raters used a standardized protocol to describe crystal shape, birefringence
strength and color. A crystal expert confirmed CPLM-visualized crystal identification. For
crystal measurement, a high-pass linear light filter was used to enhance resolution and line
discrimination of digital images. This process identified additional ensanced crystals not seen

by raters under CPLM. Single-shot computational polarized light microscopy (SCPLM) provided
further confirmation of the enhanced crystals’ presence.

Results: Of 932 suspected crystals identified by CPLM, 569 met our inclusion criteria, and 293
(51%) were confirmed as CPP crystals. Of 175 unique confirmed crystals, 118 (67%) were rods
(median area 3.6 pm? [range, 1.0-22.9 pm?]), and 57 (33%) were rhomboids (median area 4.8 um?
[range, 0.9-16.7 um?]). Crystals visualized only after digital image enhancement were smaller and
less birefringent than CPLM-identified crystals.

Conclusions: CPP crystals that are smaller and weakly birefringent are more difficult to
identify. There is likely a population of smaller, less birefringent CPP crystals that routinely goes
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undetected by CPLM. Describing the characteristics of poorly visible crystals may be of use for
future development of novel crystal identification methods.
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1. Introduction

Calcium pyrophosphate deposition (CPPD) disease is arthritis due to deposition of calcium
pyrophosphate (CPP) crystals in synovial fluid or tissues, which can cause significant
morbidity and is often underdiagnosed [1]. It has been regarded as a great mimicker due

to its clinical heterogeneity, resembling both acute inflammatory monoarthritis and chronic
polyarticular arthritis [2,3]. The presence of radiographic chondrocalcinosis is neither
sensitive nor specific for clinically significant disease. The identification of CPP crystals

is essential for an accurate and clinically meaningful diagnosis of CPPD disease.

Compensated polarized light microscopy (CPLM) of synovial fluid is the gold standard
diagnostic method for CPP crystal-associated arthropathy [4]. However, CPP crystal size
and weak birefringence makes crystal identification challenging. As a result, diagnostic
accuracy is highly user-dependent [5]. Several quality control studies have underscored

the poor inter-laboratory reliability of CPP identification, including false negatives, false
positives and misclassification of crystals [6-9]. There is ample room for improvement in
crystal identification, particularly CPP crystals, amongst rheumatologists, other clinicians,
and lab technicians [10]. Lumbreras et al. demonstrated that analyst training improved

the consistency of CPP crystal identification [11]. The low sensitivity of CPLM also
relates to limitations of the sample and the instrument; the CPP crystal concentration
threshold for detection with CPLM is higher than estimates of /n vivo crystal concentrations
[12], and CPP crystals smaller than 1 um fall below the limit of CPLM detection [13].
Likewise, in an early report of clinical CPP arthropathy, while no crystals were detected by
CPLM, abundant crystals smaller than 1 um were identified at the ultrastructural level with
electron microscopy and X-ray spectrometry [14]. Furthermore, CPP crystals are weakly
birefringent, making them difficult to detect by polarized light microscopy. Ivorra et al.
[15] found that fewer than 20% of CPP crystals identified under ordinary light microscopy
showed birefringence under polarized light. Given the abundance of issues associated with
CPP identification by CPLM, there is clear need for a more reliable diagnostic tool.

To address the inherent challenges of CPLM for crystal arthropathy diagnosis, our group
developed advanced microscopic imaging methods, including a lens-free polarized imaging
system that directly images crystals using a light source and complementary metal-oxide-
semiconductor (CMOS) [16] and a single-shot computational polarized light microscopy
(SCPLM) system that uses an industrial polarization CMOS image sensor [17]. We
undertook this project to better define the size and shape of CPP crystals as a reference
database for these projects. To accomplish this, we rigorously evaluated crystals, first

by multi-rater assessment of slides, followed by digital photomicrograph analysis, and
subsequent expert confirmation of crystals. Additionally, crystals that were not originally
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seen under direct CPLM, but visualized on enhanced digital images, were confirmed using
advanced microscopic imaging with SCPLM.

2. Methods

2.1. Synovial fluid and preparation of slides

A protocol to obtain de-identified CPP-positive synovial fluid samples from our institution’s
clinical laboratory was determined to be exempt from human subject review by our

local institutional review board. Per the clinical laboratory’s protocol, all samples were
centrifuged for 5 min, examined, and stored at 4 °C for seven days until no longer clinically
needed. Over a four-month period, CPP-positive samples were transferred to our group for
storage at 4 °C. Patient information was not made available to the research team. For this
study, 15 pL of fluid was aspirated from the sediment of each synovial fluid sample and
smeared on a microscope slide. To enhance the durability of slides for CPLM analysis, each
aspirate was air-dried and mounted with permanent mounting media and cover-slipped.

2.2. Photomicroscopy

Slides were examined using a Nikon Labophot microscope with polarizer, analyzer and
attached Sony Nex-5 digital camera. Using the 100X, 0.9 NA objective, digital photographs
captured an area of 55.5 um by 83.5 um from the area of interest on the microscopic
field-of-view (FOV) diameter of 200 um. Both the stage and analyzer were fixed and
therefore crystals were randomly oriented with respect to the slow axis of polarization.

2.3. Crystal identification by multi-rater assessment and crystal inclusion criteria

Slide assessment was conducted by four independent raters; two were crystal-experienced
and two were less crystal-experienced. All raters first underwent training with sample slides,
which included CPP crystal-rich and crystal-free preparations. For evaluation of the study
samples, raters used a standardized protocol to score each suspected crystal. Raters scanned
each slide with 10x or 40x objectives using either white or polarized light until regions
suspicious for CPP crystals were identified. Suspected crystals were photographed using
polarized light and the 100x objective. Raters examined each slide until a minimum of 10
suspected CPP crystals were photographed, with a minimum of four FOV photographs, or
until a maximum of thirty minutes was reached. Raters described suspected crystals by
shape (rod or rhomboid), birefringence strength (none, weak, moderate, strong) and color
(blue or yellow-orange), and certainty that the object was a CPP crystal (/ow;, medium, or
high certainty). Suspected crystals that raters scored as low certainty, and those with atypical
shape (non-linear borders, inconsistent with rod or rhomboid shape) or uncharacteristically
bright birefringence (likely artifact) as determined by the lead author were excluded

from the dataset. Suspected crystals were also excluded if the quality of rater-submitted
photomicrograph images limited assessment of crystal shape or precise crystal measurement.

2.4. Digital photomicrograph preparation, crystal measurement, and enhanced crystals

To facilitate accurate crystal measurement, images were digitally enhanced to improve
resolution and line discrimination using a high-pass linear light filter in Adobe Photoshop
CS6. CPLM-visualized crystals were measured for area, length and width (for rods), and
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diagonals (for rhomboids) using the Photoshop image analysis measurement function.

The acute angle of each rhomboid was calculated based on rhomboid area and diagonal
lengths. Digitally enhanced images had superior clarity and contrast compared to the CPLM
experience, resulting in the detection of additional low-contrast and small crystals not visible
during the raters’ CPLM examination. Henceforth, we refer to these newly visible crystals
with digital enhancement as enhanced crystals, which were measured for area only.

2.5. Final crystal inclusion by expert confirmation

Finally, digital images of rater-suspected CPLM-detected crystals that met initial inclusion
criteria were reviewed by a national CPP crystal expert (AR). For each of the 16 slides,
only the rater assessment with the highest number of unique expert-confirmed crystals was
included in the final dataset. Because enhanced crystals were not directly observed by raters
under CPLM, they were not evaluated by the expert and therefore are not included in the
primary analysis.

2.6. Single-shot computational polarized light microscopy

To more closely evaluate enhanced crystals detected only by digital image enhancement,

but not observed under CPLM, we re-imaged select fields-of-view using our single-shot
computational polarized light microscopy (SCPLM) methodology [17]. Briefly, SCPLM
uses a conventional bright-field microscope (1X83, Olympus) with a standard objective lens
(100x/1.4NA). A left-hand circular polarized light is used to illuminate birefringent objects,
whose image is captured by a complementary metal-oxide-semiconductor (CMOS) image
sensor (PHX050S-PC, LUCID Vision Labs), which has 2448 x 2048 pixels, with a pixel size
of 3.45 um. Each pixel of the CMOS image sensor is integrated with a directional polarizing
filter (0°, 90°, 45°, or 135°), which enables the simultaneous detection of four different
polarization components. Raw images from multiple focal depths are combined into single
retardance and orientation-based views and finally combined into a single bright-field fused
image.

2.7. Statistical methods

Means were compared using either student’s t-test or ANOVA as appropriate. Where
appropriate, comparisons of medians were analyzed using Wilcoxon two-sample test.
Proportions were compared using chi-square statistics. Multivariate analysis using logistic
regression examined factors associated with confirmation of crystal certainty as determined
by our expert reviewer.

3. Results

3.1.

Description of CPP crystal set and rater performance

Synovial fluid from 16 joint aspirates was examined. The four raters identified 932
suspected crystals under CPLM, from which 569 (61%) were judged as /ikely crystals
(eliminating 363 wunlikely crystals that did not meet inclusion criteria) after first pass review
of digital photomicrograph images by the lead author. Subsequently, the expert reviewed
digital images of /ikely crystals and determined 293 (51%) as confirmed CPP crystals for
inclusion in the final CPLM-visualized dataset [Fig. 1]. On review of the digital images
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enhanced with a high-pass filter in Adobe Photoshop, an additional 346 enhanced crystals
meeting inclusion criteria were identified by the lead author that were not described by
raters when examining under CPLM. The mean areas of unlikely crystals (2.2 um?), rejected
crystals (4.8 um?), and enhanced crystals (2.9 um?) were all significantly smaller than the
mean area of crystals confirmed by the expert (5.8 um?, p < 0.05 for all comparisons) [Fig.
2].

There was little difference in the proportion of crystals confirmed by the CPP expert
between the more (51% and 55%) and less (56% and 49%) experienced raters (p = 0.9).
Crystals that were rejected by the expert were more likely to be smaller, rhomboid, yellow-
orange rather than blue, and have weaker or no birefringence. No crystals were identified by
any of the four raters in 1 of 16 samples (6%) identified as CPP-positive from the clinical
lab. Likewise, for 7 slides (44%), raters identified a median number of < 2 possible crystals
per slide, suggesting sparse CPP crystal concentration on the slide. The remaining 8 slides
(50%) had easily identified crystals.

3.2. Characteristics of CPP crystals

Of 175 unique confirmed CPP crystals, 118 (67%) were categorized as rods, with median
area of 3.6 pm? (range, 1.0-22.9 um?), and 57 (33%) were rhomboids, with median area

of 4.8 um? (range, 0.9-16.7 um?), p = 0.39. Rod median length was 3.7 um (range, 1.0-
9.8 um), median length to width ratio 3.3 (range, 1.0-13). Length correlated with length-to-
width ratio (r = 0.67), with smaller rods more likely to have lower length-to-width ratios.
Rhomboid median (maximum and minimum) diagonal lengths were 3.0 um (range, 1.0-7.3
um) and 2.4 um (0.7-4.9 um), respectively. There was little correlation between rhomboid
physical size (dimensions or area) and morphology (angle). There was little variation in

the ratio of the diagonals, median 1.33 (range, 1.03-1.66), or the median acute angle of
rhomboids, 77.1° (range, 65.7° to 88.3°) [Table 1].

Compared to rhomboids, rods were more likely to have weak birefringence (34% vs. 12%),
whereas strong birefringence was more common in rhomboids than rods (37% vs. 12%).
Still, moderate birefringence was the most common classification for both rods (52%)

and rhomboids (47%). The distribution of birefringence color varied from the expected
50:50, which should occur with random orientation of the crystal on the slide with fixed
alignment of the axis of polarization. Of confirmed crystals, more blue crystals (57%) were
observed than yellow-orange crystals (41%), suggesting that yellow-orange crystals were
more difficult to visualize under CPLM. Only 4 (1.4%) non-birefringent confirmed crystals
were identified [Table 1].

Enhanced crystals visualized only after the application of a digital high-pass filter were
smaller and less birefringent than microscope-visible confirmed crystals. Of 346 enfanced
crystals, 232 (67%) were rods, median area 2.4 um? (range, 0.9-16.7 pm?), 106 (31%)
were rhomboids, median area 2.0 pm? (range, 0.5-13.8 um?), and 8 (2%) were too small
to accurately decipher rod versus rhomboid, with a median area of 0.9 pm? (range, 0.4—
1.6 um?). Overall, enhanced crystals had a mean area of 2.9 um?, half the overall mean
area of confirmed crystals, p < 0.001 [Fig. 2]. In contrast to confirmed crystals, where a
higher blue-to-yellow ratio was observed, 46% of enhanced crystals were yellow-orange,
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while only 37% were blue. Unlike confirmed crystals, only 14% of enhanced crystals were
moderately birefringent, 69% were weakly birefringent, and 16% were non-birefringent.

To further evaluate the presence of enhanced crystals, select slides were re-imaged with
SCPLM and visually compared to the same digitally enhanced CPLM photomicrograph
field-of-view [Fig. 3]. Crystals that were rejected (A and B) based on the expert’s review
of the digitally enhanced CPLM image (Fig. 3B) were more easily delineated on the
SCPLM images (Fig. 3C and D) and likely represent crystal stacking and superimposed
material, respectively, but likely still represent true CPP crystals rejected by the expert due
to visualization limitations. Enhanced crystals are difficult to see on the untouched digital
CPLM image (Fig. 3A; yellow arrows) but are clearly seen with digital enhancement (Fig.
3B), and well-visualized on the SCPLM panels (Fig. 3C and D). SCPLM also identified
additional rod-like birefringent objects suggestive of CPP crystals that were not detected on
the CPLM digitally enhanced image (Fig. 3C and D; orange asterisks).

4. Discussion

CPP crystal identification remains a challenge with CPLM. We sought to describe the
morphologic characteristics of CPLM-detected CPP crystals. Our findings reaffirm the small
size of CPLM-detected CPP crystals, with the median rod lengths and rhomboid diagonals
in our dataset falling within the lowest quartile of the observed CPP crystal size range (0.4—
20 um) described in the literature [18]. Digital enhancement of CPLM images, confirmed
with advanced SCPLM imaging, demonstrates that there appear to be many more, smaller
and less birefringent crystals than detected by traditional CPLM. The clinical significance
of this observation is unknown at this time. Future studies would need to be conducted to
evaluate the clinical utility of greater crystal detection.

Our study comes with limitations. While raters’ assessments were based on direct
observation under CPLM, there was no feasible method whereby the expert could re-identify
with CPLM the same rater-observed crystals based on slide location and morphology
descriptions. Therefore, the expert’s assessment was limited to examination of the raters’
digital photomicrographs taken of suspected crystals observed under CPLM. There are
multiple limitations of analyzing digital images rather than using microscopy for CPP
crystal confirmation: viewing a single focal plane without the ability to pan across the focal
depth of a crystal suspended on the slide; loss of contrast potentially obscuring crystal

size and shape; and the appearance of a pinkish hue on crystals oriented perpendicular to
the axis of polarization. Some of these limitations were overcome by digital enhancement
with a high-pass filter, whose enhanced contrast resolution and line discrimination allowed
for precise measurements of crystals. With the limitation of our single plane digital
photomicrograph images, we erred conservatively to achieve the goal of high CPP certainty,
and the expert was charged with favoring specificity over sensitivity, likely at the cost of
excluding true CPP crystals resulting in the relatively low confirmed crystal rate of 51%.
SCPLM overcomes these issues with the use of multiple simultaneous axes of polarization
and images created across multiple focal planes, but was not feasible for all analyses in

this study. From re-examination of rejected crystals with advanced SCPLM imaging (Fig.
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3C and D; crystals A and B), we estimate that many of these are likely false negatives that
would have been confirmed if the expert were able to analyze the same samples by CPLM.

In contrast to prior reports [15], we found a lower than expected proportion of non-
birefringent crystals (1.4%). Our highly selective crystal confirmation process likely
contributed to this phenomenon. The number of CPLM-visualized non-birefringent crystals
likely was higher than that included in the final dataset, but similar to above, some may have
been rejected to limit false positives, inadvertently increasing false negatives. Additionally,
far more non-birefringent crystals were observed as enhanced crystals, suggesting the true
proportion of non-birefringent crystals is higher than our final analytic set. The findings
emphasize the difficulty of detecting non-birefringent crystals with CPLM. The low number
of non-birefringent crystals also may be partly explained by sampling bias, where due to
time constraints in their search for crystals, raters may have been more likely to seek out
birefringent objects and discount non-birefringent objects as non-crystals, as demonstrated
with higher rater uncertainty scores for non-birefringent crystals and higher prevalence of
non-birefringent crystals in the enhanced crystal set.

A large number of enhanced crystals was noted after reviewing CPLM digital
photomicrographs processed with a high-pass filter. While the expert did not evaluate
these enhanced crystals, all passed inclusion criteria. These crystals with mostly weak
birefringence had an average area half that of confirmed CPLM-visualized crystals,
highlighting the fact that small and weakly birefringent CPP crystals often go undetected
with CPLM.

The time delay to examine synovial fluid samples, with some samples stored at 4 °C for

up to four months before dry-mounted slides were prepared for rater assessment does not
reproduce clinical experience and renders slides acellular. However, for the sole purpose

of describing crystal size, morphology, and birefringence, our methods likely did not alter
these properties. While fresh synovial fluid examination within twenty-four hours is optimal
[19,20], CPP crystals are known to be stable under refrigeration. McGill et al. found that
although crystal counts declined, after 8 weeks CPP crystals were readily apparent in 10 of
11 samples stored at 4 °C, and neither new crystals nor changes in crystal morphology were
noted [21]. An earlier report by Kerolus et al. described that abundant CPP crystals from
five samples were diminished after one day and completely dissolved by 3-8 weeks [22].
However, in a response to that work, others reported CPP crystal stability after 4 weeks,

to which the aforementioned authors responded that later experiments indeed resulted in
similar observations in stability, as specimens with CPP crystals were observed over 9
months without complete dissolution [23]. Crystal count or concentration were not an
outcome of our study. However, an inevitable limitation of using stored fluid samples is

the absence of cells, often used by an examiner to judge an object’s size and to search for
intracellular CPP crystals.

CPPD remains an underdiagnosed and understudied disease. We hope that greater diagnostic
certainty will improve detection and subsequent management of CPPD. Advances described
here and in other areas, such as dual-energy computed tomography (DECT) detection of
CPP deposition [24], may help improve the understanding of this prevalent condition. Our
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group has reported on lens-free polarized light microscopy and SCPLM as novel methods
for crystal arthropathy diagnosis, with higher contrast and wider FOV than traditional
CPLM [16,17]. Given these features, we hope these advanced imaging systems will lead

to more accurate, less labor-intensive, and less operator-dependent crystal detection when
compared to standard CPLM. As part of the development process, we seek to create an
automated crystal detection algorithm. Our crystal dataset may identify starting parameters
for a machine-learning program for CPP crystal detection based on characteristics including,
size, shape, and birefringence strength.
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taken by 4 raters during
CPLM slide examination

Digitally enhanced images reviewed by
lead author for additional visible crystals

I ENHANCED crystals
Seen on digitally enhanced
images but not CPLM
(n =346)

Fig. 1.

SUSPECTED crystals
Identified by CPLM
(n=932)

First pass review by lead author
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UNLIKELY crystals
Not meeting inclusion criteria
(n=363)

LIKELY crystals
(n = 569)

Second pass review by expert

REJECTED crystals
(n=276)

CONFIRMED crystals
Final CPLM dataset
(n=293)

Determination of CPLM-visualized confirmed crystals and subset of enhanced crystals.
932 suspected crystals were identified by four raters under CPLM visualization. Upon
first pass review of digital photomicrographs of the CPLM-visualized suspected crystals,
569 likely crystals met internal inclusion criteria, excluding 363 unlikely crystals. An
expert confirmed 293 CPP crystals and rejected 276 crystals. After reviewing digital
photomicrographs enhanced with a high-pass filter in Adobe Photoshop, an additional 346

enhanced crystals were visualized that were not detected under CPLM.
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Fig. 2.

Distribution of mean CPP crystal area by crystal subset classification. Separate comparisons
between all groups are significant p < 0.001 except for enhanced vs. unlikely crystal sizes (p

=0.16).
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A. CPLM Digital Photomicrograph B.

CPLM Digitally Enhanced

C. SCPLM Retardance D. SCPLM Bright-Field Fused

Fig. 3.

Cc?nfirmed, rejected, and enhanced crystals by CPLM and SCPLM. Select slides were re-
imaged with SCPLM and visually compared to the same untouched and digitally enhanced
CPLM photomicrograph 100x field-of-view. The untouched digital CPLM photomicrograph
(A), which approximates the clinical CPLM experience, demonstrates the lack of contrast
and line discrimination, compared to the same CPLM photomicrograph digitally enhanced
with a high-pass filter in Adobe Photoshop (B). SCPLM retardance (C) and fused single
bright-field (D) images demonstrate even higher levels of crystal clarity. The expert rejected
crystals A and B but confirmed crystals 1-3. Enhanced crystals (yellow arrows) are
difficult to see on the untouched digital image (A) but become clearly apparent with digital
enhancement (B), and are well-visualized on the SCPLM panels (C, D). SCPLM identified
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additional rod-like birefringent objects suggestive of CPP crystals that were not detected on
the CPLM digitally enhanced image (orange asterisks).
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Characteristics of unique CPP crystals confirmed by expert.

Table 1

Rods (n=118) Rhomboids (n = 57)
SIZE (median [range])
Area (um?) 3.6 (1.0-22.9)  4.8(0.9-16.7)
Length (um) 3.7 (1.0-9.8) -
Width (um) 1.0 (0.8-1.3) -
Length: Width 3.3(1.0-13) -
Diagonal max (um) - 3.0(1.0-7.3)
Diagonal min (um) - 2.4 (0.7-4.9)
Dmax/Dmin ratio - 1.3(1.2-1.4)
Acute Angle (degrees) - 77.1(65.7-88.3)
BIREFRINGENCES (N [%)])
Strong 14 (12%) 21 (37%)
Moderate 62 (52%) 27 (47%)
Weak 40 (34%) 7 (12%)
None 2 (2%) 2 (4%)
COLOR (Among birefringent crystals, N [%])
Blue 64 (54%) 36 (63%)
Yellow—orange 52 (44%) 19 (33%)
RATER CERTAINTY (N [%])
High 106 (90%) 52 (91%)
Medium 10 (9%) 5 (9%)

Max = maximum; Min = minimum; D = diagonal.

*
p=0.39.
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