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Abstract
Hyperuricaemia and gout predict cardiovascular events, yet whether urate acts within coronary plaque is
unknown, and lowering serum urate has not reduced risk. Here, we show that non-contrast, ECG-gated
dual-energy computed tomography identifies urate within coronary plaque and separates it from calcium,
which single-energy CT cannot. Among 116 patients (348 vessels), coronary urate occurred in 35.3% of
patients and 17.5% of vessels and was the only independent predictor of high-risk plaque (odds ratio
4.91; 95% confidence interval 1.43-16.82); the calcium score was not. Urate-positive patients were
normouricaemic, indicating local deposition. In an independent cohort of 92 patients, photon-counting
CT, using a different spectral mechanism, corroborated the finding from the routine calcium-scoring
scan. Cross-polarised micro-optical coherence tomography confirmed needle-shaped, negatively
birefringent monosodium urate crystals, and histopathology localised xanthine oxidase to CD68⁺/CD163-
low macrophages at the necrotic-core periphery, rising with plaque progression. Coronary urate is an
imageable marker of crystal-driven inflammation and plaque vulnerability.

Introduction
Atherosclerosis is a chronic inflammatory disease, and a substantial burden of cardiovascular risk
persists after guideline lipid targets are met1. Endogenous crystalline material is a potent driver of innate
immunity: cholesterol crystals activate the NLRP3 inflammasome and are required for experimental
atherogenesis2, and the NLRP3-interleukin-1β (IL-1β) axis links such signals to plaque progression and
instability3. Therapies that engage this axis reduce events independently of lipid lowering, establishing
residual inflammatory risk as a bona fide therapeutic target. Yet the upstream, plaque-specific triggers
that ignite the inflammasome within an individual lesion remain poorly defined and invisible on clinical
imaging, so the inflammation-active plaque cannot, at present, be identified in a living patient. Whether a
discrete, detectable crystalline trigger exists in the coronary wall, one that could be both imaged and
therapeutically targeted, is unknown.

Hyperuricaemia and gout are consistently associated with excess cardiovascular events and mortality4–

5, an association that has resisted mechanistic explanation for decades. Monosodium urate (MSU) is the
archetypal pro-inflammatory crystal, engaging NLRP3 in macrophages and neutrophils to release IL-1β
and IL-186–7, and MSU together with xanthine oxidase (XO) has been recovered from human carotid
endarterectomy specimens8, hinting that urate can deposit within the arterial wall. The coronary arteries,
however, where crystal-driven inflammation would be most consequential, have not been examined, and
whether coronary MSU exists, how common it is, and whether it identifies the vulnerable plaque have not
been established.

A central paradox has obscured this question. Circulating urate is an abundant plasma antioxidant, yet
the xanthine-oxidase form of xanthine oxidoreductase is a powerful intracellular source of superoxide
and hydrogen peroxide, coupling urate production to local oxidative stress9. The vascular consequences

Page 4/24



of urate may therefore depend on where it is generated and deposited rather than on its circulating
concentration, a distinction that would reconcile the epidemiological risk of gout and hyperuricaemia
with the neutral cardiovascular results of serum urate-lowering trials.

Dual-energy CT resolves materials by their electron density and effective atomic number and
differentiates uric acid from calcium-containing kidney stones and gout from calcium pyrophosphate
disease10–12. Only isolated reports describe DECT-verified urate in the coronary vasculature, exclusively
in patients with established gout13–16. Single-energy CT instead quantifies calcium as the Agatston

score17–19, but unstable plaques are frequently non- or minimally calcified20–22, and increasing calcium
density accompanies stabilisation rather than risk23–25; calcium therefore reports the burden of disease
but not, on its own, its propensity to rupture. We reasoned that a spectral method capable of resolving a
second, non-calcific crystalline species might reveal an inflammatory axis that calcium scoring misses.
We therefore used non-contrast, ECG-gated DECT to detect coronary MSU, tested its association with CT-
defined high-risk plaque, and sought validation along three orthogonal lines: photon-counting CT in a
separate cohort, to establish that the signal is not an artefact of one spectral platform; multiplex
histopathology of human coronary specimens to define the cellular and enzymatic origin of the crystal;
and cross-polarised micro-optical coherence tomography, to confirm the physical crystal by an entirely
non-radiographic contrast mechanism. Because the signature is obtained from a non-contrast
acquisition, without contrast medium or radiotracer, a positive result would be immediately translatable
to routine imaging.

Results
DECT discriminates monosodium urate from calcium in phantoms

On single-energy CT, monosodium urate is a wolf in calcium's clothing. In an electron-density phantom
scanned at 120 kVp, the MSU rod attenuated at 308.9 HU, far above the 130 HU threshold that defines
calcium for Agatston scoring, and essentially identical to intermediate-density calcium (50, 100 and 300
mg mL⁻¹ calcium measured 200.7, 340.2 and 897.1 HU; adipose −64.1 HU). Attenuation alone, therefore,
cannot tell the two apart. Dual-energy analysis broke the tie through two physically independent
parameters. The effective atomic number of MSU (8.4) fell distinctly below that of calcium (9.7 at 100
mg mL⁻¹, rising to 12.1 at 300 mg mL⁻¹) and above that of adipose (6.0), while its electron density (4.3 ×
10²³ electrons cm⁻³) lay between low- and high-concentration calcium (3.8-4.9 × 10²³). Two-material
decomposition rendered MSU as a discrete overlay confined to the urate rod (Fig. 1). The combined
electron-density and effective-atomic-number signature thus separates MSU cleanly from both calcium
and lipid. 

Coronary MSU is prevalent and dissociated from systemic urate

We then applied this signature in vivo, analysing non-contrast, ECG-gated DECT in 116 consecutive
patients referred for suspected coronary artery disease (348 vessels; Table 1). The cohort was
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unselected for urate status and, on average, normouricaemic (mean serum urate 5.2 ± 1.3 mg dL⁻¹).
Coronary MSU was nonetheless not infrequent: it was detected in 41 of 116 patients (35.3%) and 61 of
348 vessels (17.5%; Fig. 2A-D). MSU-positive patients were more often male (73.2% vs 46.7%),
hypertensive (70.7% vs 45.3%) and obese, carried a far higher calcium burden (median Agatston 302 vs
3) and had more obstructive disease (56.1% vs 12.0%; all P < 0.05; Table 2), while trending toward more
diabetes (34.1% vs 20.0%, P = 0.12). Their serum urate was only marginally higher (5.7 ± 1.4 vs 4.9 ± 1.2
mg dL⁻¹), remained within the normouricaemic range, and overlapped extensively with that of MSU-
negative patients. Coronary MSU is therefore not necessarily associated with gout but a common
feature of coronary atherosclerosis and one that the blood test does not predict, pointing to local, intra-
plaque crystallisation rather than resulting from a supersaturated circulation.

Coronary MSU independently predicts high-risk plaque

Although MSU-positive patients had numerically more high-risk plaque, the difference was not significant
when patients were the unit of analysis (12.2% vs 6.7%, P = 0.32); the association with the vulnerable
phenotype emerged when individual vessels were examined. This suggests that a patient may harbour
one crystal-bearing, inflammation-active plaque among two otherwise quiescent arteries, so patient-level
averaging dilutes the signal of interest. It also indicates that coronary MSU is not a systemic trait
expressed uniformly throughout the coronary tree, but a property of lesions, the unit at which rupture
occurs.

Coronary MSU tracked the vulnerable phenotype rather than mere disease burden. At the vessel level,
MSU-positive vessels were far more likely to show low-attenuation plaque (11.5% vs 3.1%), positive
remodelling (18.0% vs 5.2%), spotty calcification (44.3% vs 22.0%) and composite high-risk plaque (HRP;
9.8% vs 2.8%; all P < 0.05; Table 2). MSU predicted HRP both unadjusted (odds ratio 3.81, 95% CI 1.27-
11.40) and after adjustment for calcium, whether the Agatston score was entered as a continuous
variable (4.19, 1.27-13.76) or dichotomised at 100 (4.91, 1.43-16.82); calcium itself carried no
independent association with HRP in either model (adjusted odds ratio 0.54, 95% CI 0.12-2.37 for
Agatston >100; Table 3). For obstructive disease, the hierarchy reversed: both markers contributed;
calcium was the stronger correlate (adjusted odds ratio 7.88 for Agatston >100), while MSU remained
independently predictive (3.22, 1.55-6.71).

Calcium indexes how much atherosclerosis is present; MSU indexes how likely it is to be unstable.
Notably, MSU co-occurred with spotty calcification, itself a marker of active mineralisation rather than of
the dense calcium that accompanies stabilization and quiescence23,25, so the crystal marks lesions in an
active biological state rather than the heavily calcified lesions. Because both signals derive from the
same non-contrast acquisition, a single scan can separate the burden of atherosclerosis from its
propensity to rupture.

Photon-counting CT corroborates coronary MSU with DECT
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A single spectral technology, however capable, invites the concern that its material map is an algorithmic
artefact. We therefore sought corroboration with photon-counting detector CT (PCCT), which
reconstructs the energy of individual photons and so achieves spectral separation by a mechanism
fundamentally different from dual-kVp acquisition. In an independent cohort of 92 consecutive patients
(276 vessels) scanned on a dual-source photon-counting system, coronary MSU appeared as discrete
intracoronary deposits, spectrally distinct from calcium and derivable from the routine non-contrast
calcium-scoring acquisition at no additional radiation (Fig. 2E, F). MSU was identified in 12 of 92 patients
(13.0%); 57 (61.9%) had none, and 23 (25.0%) harboured lesions that the deliberately conservative
workflow could not confidently assign as urate or calcium (Supplementary Tables 1 and 2). As in the
DECT cohort, MSU-positive patients were more often hypertensive (91.7% vs 59.6%) and diabetic (41.7%
vs 8.8%) and carried a much higher calcium burden (median Agatston 218 vs 0), and high-risk plaque
differed across the MSU-negative, MSU-positive and indeterminate groups (0%, 16.7% and 26.1%; P =
0.03).

Two caveats define what this cohort can and cannot show. With only 12 MSU-positive patients, it was
powered to test whether a spectrally independent technology can detect the crystal, not to reproduce the
HRP association; the indeterminate category reflects the conservative reading rather than a limitation of
the detector: a lesion was called urate only when the spectral separation was unambiguous, so
classifying indeterminate lesions as calcium yields the 13.0% floor, whereas including them (38.0%)
approaches the DECT estimate of 35.3%. The essential point survives both readings: two detector
technologies with fundamentally different physics converge on the same crystalline species, at
comparable prevalence and with the same clinical associations, which is difficult to explain as a
reconstruction artefact of two platforms.

Cross-polarised optics confirm coronary urate crystals

In fresh human coronary specimens, cross-polarised micro-optical coherence tomography (CP-µOCT)
was employed to determine whether imaging identified a material with the spectral signature of urate,
and whether it corresponded to genuine crystals. CP-µOCT resolved individual needle-shaped crystals
within the intima in both cross-sectional and en-face views, and polarised-light microscopy of the same
tissue revealed crystals with the strong negative birefringence that is the optical hallmark of MSU (Fig.
3). In prior work exploiting this contrast, uricase digestion abolished the birefringent needles, chemical
proof of their identity as urate, and their counts tracked histological crystal burden and intimal
thickening26. The specificity of this readout is worth emphasising: negative birefringence arises from the
highly ordered, anisotropic lattice of monosodium urate and is not a property of the amorphous mineral
of calcific plaque. Therefore, three methods resting on entirely different physical principles: dual-energy
CT, photon-counting CT and cross-polarised optics converge on the same physical entity in the coronary
wall.

Xanthine oxidase marks macrophages at the necrotic-core periphery and scales with plaque
progression
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Urate is the terminal product of xanthine oxidase (XO), so we mapped XO and macrophages across the
full arc of human coronary lesion progression (67 lesions from 8 hearts): pathological intimal thickening
(PIT) without and with macrophages, early and late fibroatheroma, and plaque rupture. Both macrophage
(CD68) and XO immunoreactive area rose progressively across stages: CD68 from a median 0.25% of
intimal area in macrophage-poor PIT to 6.14% at rupture, and XO from 0.33% to 1.90% (P for trend <
0.001 for each; Fig. 4A–C). Across all lesions, XO area was strongly correlated with macrophage area
(Spearman ρ = 0.85, P < 0.001; Fig. 4d), and the correlation survived adjustment for lesion morphology
(partial ρ = 0.81) and for the clustering of lesions within hearts (linear mixed-effects model, β = 0.55 per
unit ln CD68, P < 0.001; within-heart ρ 0.28-0.93, median 0.76), consistent with CD68⁺ macrophages as a
cellular source of intimal XO.

XO, however, was not merely a function of macrophage density; it tracked necrotic-core formation. In a
macrophage-rich PIT lesion, a dense band of CD68⁺ cells expressed little XO (CD68 18.9% of intimal
area, XO 0.9%; XO/CD68 ratio 0.05; Fig. 4E), whereas in early fibroatheroma XO and macrophages co-
localised at the periphery of the necrotic core (CD68 5.4%, XO 2.5%; ratio 0.46; Fig. 4F), a near ten-fold
shift in XO per macrophage as the core matured. With multiplex immunofluorescence, XO localised to
CD68⁺ macrophages in the deep intima abutting the necrotic core, with little XO in superficial
macrophages, while ACTA2⁺ smooth-muscle cells were confined to the media and fibrous cap, spatially
separate from the intimal XO compartment (Fig. 5A). The XO-expressing cells were CD163-low and XO
was sparse where reparative CD163⁺ macrophages accumulated (Fig. 5B), defining a specific
CD68⁺/CD163-low subset rather than macrophages in general. A second, diffuse XO signal filled
acellular regions of the necrotic core, lacking cellular outlines or nuclei, consistent with released enzyme
retained on the extracellular matrix. Together, these data pinpoint a CD68⁺/CD163-low macrophage
population at the necrotic-core interface as a source of intra-plaque XO and, by extension, of local urate.

Two additional observations argue that this is a specific biological programme rather than a by-product
of inflammation in general. First, the amount of XO per macrophage varied systematically between
individuals: after accounting for macrophage burden, XO differed approximately 2.4-fold across hearts
(random-intercept standard deviation 0.30 on the natural-log scale), indicating host-level determinants of
urate-generating capacity superimposed on lesion stage. Second, the diffuse, cell-free XO pool within the
core was most conspicuous at early fibroatheroma and waned toward rupture, the pattern expected if
enzyme released from dying producer cells is captured on the extracellular matrix and then progressively
lost as that matrix is degraded. Together with the phenotypic restriction to CD68⁺/CD163-low cells and
the exclusion of a smooth-muscle source, this places both the enzyme and its crystalline product
precisely where the plaque is most prone to an event.

Discussion
Taken together, these observations relocate an old suspect. For decades, urate was judged by its blood
concentration, found wanting in multivariable models, and dismissed as a bystander; our data shift the
culprit from plasma to plaque. Three linked findings support this shift. First, non-contrast DECT resolves
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monosodium urate within the coronary plaque and separates it from calcium and lipid, which single-
energy CT cannot. Second, DECT-detected coronary MSU is an independent predictor of high-risk plaque,
distinct from and complementary to the calcium score. Third, xanthine oxidase localizes to
CD68⁺/CD163-low macrophages at the necrotic-core periphery, identifying a candidate cellular source of
intraplaque urate. Photon-counting CT and cross-polarised optics, two distinct technologies,
independently confirm the same physical entity.

This reframing dissolves the paradox that has long surrounded urate. In plasma, urate is an abundant
antioxidant, which is why its circulating concentration is a poor guide to vascular harm; inside the
macrophage, the xanthine-oxidase reaction that generates it is a potent source of superoxide and
hydrogen peroxide9, and XO-derived intracellular reactive oxygen species rather than soluble urate itself
are the proximate trigger of NLRP3 activation and IL-1β release27. The same molecule is thus protective
in the blood and pro-inflammatory in the wall, and only imaging of the deposited crystal, not
measurement of the soluble pool, captures the pathogenic species.

The histopathology suggests a coherent producer-reservoir-release sequence. The producer is a
CD68⁺/CD163-low intimal macrophage population at the necrotic-core periphery, distinguished by
phenotype rather than location from the reparative CD163⁺ macrophages that share this region; its XO
activity generates both reactive oxygen species and urate. Because macrophage XO raises intracellular
urate that is not exported from intact cells27, the crystalline deposits we observe cannot arise from
simple secretion of soluble urate; the missing step is regulated cell death. Caspase 1-mediated
gasdermin-D cleavage and pyroptotic membrane rupture can release accumulated cytosolic urate into
the sodium-rich necrotic core, where MSU crystallises; and cleaved gasdermin-D and active Caspase 1
have been documented in macrophage-rich regions of human plaque, including our previous report28–29;
in-situ demonstration of this step in coronary lesions is ongoing. Released IL-1β and MSU-stimulated
macrophage products in turn activate the overlying endothelium30. The diffuse acellular XO within the

core is consistent with high-affinity binding of released enzyme to matrix glycosaminoglycans31–32; its
prominence at early fibroatheroma and decline toward rupture parallel matrix-metalloproteinase-
mediated proteoglycan degradation as lesions advance33–34. MSU precipitates when the local product of
urate and sodium concentrations exceeds solubility, favoured by high interstitial sodium, an acidic and
hypoxic microenvironment, and matrix constituents that template nucleation, the same determinants
that operate in the gouty joint6. This framework explains why coronary MSU appears only once a mature
necrotic core has formed, concentrates at the core periphery, and can nucleate while the blood remains
normouricaemic, reconciling the risk conferred by gout with the neutral cardiovascular results of serum
urate lowering.

These findings extend, and qualitatively change, the small prior literature on vascular urate imaging.
Earlier reports of DECT-detected coronary or cardiovascular MSU were confined to patients with
established gout13–16, in whom systemic supersaturation makes tissue deposition unsurprising and of
uncertain relevance to the wider population. Here, in consecutive patients selected for suspected
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coronary disease rather than gout and with serum urate in the normal range, coronary MSU was
nonetheless present in roughly one in three and was tied specifically to the vulnerable phenotype. The
phenomenon is therefore not a manifestation of clinical gout, but a common, previously unreported
feature of coronary atherosclerosis, and the histopathology suggests how the crystal could be generated
in situ by XO-expressing macrophages rather than deposited from the circulation, and why systemic
urate is a poor guide to its presence.

Coronary MSU imaging is mechanistically distinct from existing vulnerable-plaque markers. CT high-risk
features such as low attenuation and positive remodelling predict events35 but describe plaque
architecture; ¹⁸F-sodium fluoride positron emission tomography localises active microcalcification36; and

the perivascular fat-attenuation index reports pericoronary inflammation37. Coronary MSU instead
images the crystalline product of macrophage xanthine-oxidase activity and inflammasome-driven cell
death directly, and on photon-counting CT it is obtainable from the routine non-contrast calcium scan.
This has practical consequences. Tens of millions of non-contrast, gated CT scans are already
performed for calcium scoring; on photon-counting systems, the urate map is a reconstruction of raw
data that already exists, and on dual-energy systems, it requires only a brief additional non-contrast
series with no contrast medium, radiotracer, or catheterisation. Coronary MSU could therefore be
reported alongside the calcium score to flag inflammation-active plaque at the population scale,
complementing the calcium burden it accompanies, and doing so at a low cost and complexity.

The results reframe urate as a therapeutic target, treating a lesion rather than a number. Trials that
lowered serum urate without regard to its site of deposition were neutral for cardiovascular outcomes38–

39. Two mechanistically matched strategies follow. Xanthine-oxidase inhibition targets the producer,
lowering both the urate substrate and the XO-derived reactive oxygen species that prime the
inflammasome, and is conceptually distinct from uricosuric agents, which lower only the systemic pool.
Anti-inflammatory therapy targets the sensor: interleukin-1β blockade with canakinumab reduced
recurrent events independently of lipid lowering40, and low-dose colchicine, which disrupts the
microtubule scaffold required for inflammasome assembly41–43. Coronary MSU imaging could enrich
such trials for patients who harbour the crystal and serve as a pharmacodynamic readout of whether
therapy prevents or dissolves intraplaque deposits. This is the step that serum urate selection could not
provide and that explains the neutral results of urate-lowering trials. An imaging-guided design with
enrollment on the crystal, treatment with xanthine-oxidase inhibition, IL-1β blockade, or colchicine, and
readout of the change in crystal burden would test the hypothesis directly and, if positive, convert
coronary MSU from a marker of risk into an actionable therapeutic target.

A measure of caution is warranted before enthusiasm outruns evidence. Although reproduced across
phantom, in vivo and photon-counting platforms, MSU and calcium occupy neighbouring rather than
distant positions in spectral space, and their discrimination is most fragile precisely where it matters
most: the small, sparse crystal aggregates of coronary plaque, where partial-volume averaging, cardiac
motion and image noise can blur an already narrow margin. Our findings are therefore best read as an
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inspiring and pathogenetically coherent hypothesis rather than a settled measurement; realising their
promise will require larger and deliberately diverse cohorts, refined material decomposition algorithms,
harmonised quantitative crystallisation metrics, and a therapeutic test of whether a coronary
crystallisation score can be moved differentially by anti-inflammatory versus urate-directed therapy.

This study has additional limitations. The clinical cohorts were single-centre and modest in size, MSU
was assessed qualitatively rather than quantitatively, and the cross-sectional design cannot establish the
prognostic value of coronary MSU for incident events. A prospective urate-lowering imaging study has
been initiated (S.F.). The PCCT cohort corroborates detectability but is not powered to replicate the HRP
association, and formal concordance metrics with DECT are pending. The histopathology is cross-
sectional autopsy material that cannot establish the temporal sequence linking XO upregulation,
regulated cell death and crystallisation; intracellular urate was not directly visualised, and cleavage-
specific Caspase 1 and gasdermin-D staining will be required to secure the pyroptotic-release step.
Longitudinal imaging and functional XO or inflammasome inhibition will be needed to establish causality.

In summary, coronary monosodium urate is a detectable, mechanistically grounded imaging biomarker
of crystal-driven sterile inflammation. It is common in patients without gout, forms locally and
independently of systemic urate levels, specifically marks the vulnerable plaque, and identifies a rational
population for anti-inflammatory and urate-directed therapy. More broadly, it invites a shift in how an old
risk factor is understood from a soluble concentration measured in the blood to a crystalline lesion
imaged in the wall. If a crystal that ignites the inflammasome can be seen noninvasively, quantified, and
moved by therapy, then coronary MSU may become one of the first examples of imaging a specific,
treatable driver of plaque instability, turning residual inflammatory risk from an abstraction into a target
that can be found in an individual patient and followed over time.

Methods
Phantom study

An electron-density phantom (Sun Nuclear) containing rods of iodine (2, 5, 10 and 15 mg mL⁻¹), adipose,
calcium (50, 100 and 300 mg mL⁻¹), MSU and solid water (Kyoto Kagaku) was scanned on a 320-
detector-row system (Aquilion ONE ViSION, Canon Medical Systems) in dual-energy mode (80/135 kVp;
tube-current modulation, target s.d. 28.0, 50–250 mA; 0.275-s rotation; 0.5-mm slices) and by single-
energy CT at 120 kVp. Electron density and effective atomic number were derived on a dedicated
workstation (Vitrea, Canon Medical Systems), and MSU was rendered by two-material (water/iodine)
decomposition.

DECT study population

The clinical cohort was nested within a prospective coronary CT angiography (CCTA) extracellular-
volume study; of 146 consenting patients, 30 were excluded (incomplete metabolic panel, n = 20; poor
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image quality, n = 7; prior stents, n = 3), leaving 116 patients (348 vessels). The study was approved by
the Juntendo University ethics committee (E21-0105) with an opt-out policy for the urate add-on.

DECT acquisition and MSU analysis

Non-contrast, ECG-gated DECT (80/135 kVp; 310 mA; 0.275-s rotation; 0.5-mm slices) preceded non-
contrast single-energy CT for calcium scoring (120 kVp; 3.0-mm slices; AIDR 3D) and CCTA (100 kVp;
0.5-mm slices; 24.0 mg iodine kg⁻¹ over 12 s). On the DECT workstation, electron density and effective
atomic number were computed using the Spectral Analysis application, and MSU was identified using
the Spectral Composition Analysis tool via two-material decomposition, with a region of interest defined
by four coordinates in the water–iodine distribution.

CCTA analysis and plaque definitions

Calcium scoring and lesion assessment were performed with Ziostation2 (AMIN). Agatston scores were
calculated per patient and per vessel; stenosis and plaque were graded by CAD-RADS 2.044. Obstructive
disease was ≥50% stenosis; positive remodelling, a remodelling index >1.1; low-attenuation plaque, non-
calcified plaque <30 HU; and spotty calcification, a calcific focus ≤3 mm. High-risk plaque was defined as
positive remodelling plus low attenuation45.

Photon-counting CT

An independent cohort of 92 patients (276 vessels) with suspected coronary artery disease was imaged
on a dual-source photon-counting detector CT system (Naeotom Alpha, Siemens Healthineers) at the
Medical Imaging Centre, Semmelweis University (ethics IV/665-3/2022/EKU and BM/2497-1/2024). A
non-contrast, ECG-gated calcium-scoring acquisition (high-pitch helical, 120 kVp, automated tube-current
modulation, 144 × 0.4-mm detector, 0.25-s rotation) preceded contrast CCTA. Because photon-counting
acquisition is inherently spectral, no separate dual-energy scan was required. Spectral post-processing
datasets from the non-contrast acquisition were reconstructed at 70 keV, and MSU-positive lesions were
identified on the syngo.via workstation (Kidney Stone and Gout applications, Siemens) using visual
assessment and region-of-interest attenuation comparison; lesions that could not be confidently
assigned were classified as indeterminate. Phantom and post-mortem coronary models, including a
surgically removed uric-acid stone and a paraffin-embedded tophus, were used for calibration. This
analysis was feasibility-oriented; no validated clinical workflow for coronary MSU quantification by PCCT
yet exists.

Coronary histopathology

Human coronary specimens were obtained from the CVPath Institute autopsy registry (IRB RP-0175) and
classified across the spectrum of plaque progression by a modified American Heart Association scheme
with CT–pathology correlation46; lesion morphology was assigned on Movat pentachrome and
haematoxylin–eosin sections, blinded to the quantitative data. Formalin-fixed, paraffin-embedded 5-µm
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sections were stained by serial chromogenic immunohistochemistry for CD68 and CD163 and by two
multiplex immunofluorescence panels (Panel 1: XO, CD68, ACTA2; Panel 2: XO, CD163; DAPI
counterstain) on a Ventana Discovery Ultra platform. Antibodies were XO (Abcam ab109235, 1:1000),
CD68 (Roche 790-2932, predilute), ACTA2 (Dako F3777, 1:500) and CD163 (Leica CD163-L-U, 1:100).
Immunopositive area for CD68 and XO was quantified on whole-slide images (HALO, Indica Labs) within
manually annotated intimal regions and expressed as a percentage of annotated area. For crystal
detection, fresh unfixed coronary segments were embedded and cryosectioned for polarised-light
microscopy under crossed polarisers with a first-order red compensator (formalin dissolves urate); MSU
was identified by needle morphology and negative birefringence, and by cross-polarised micro-optical
coherence tomography as previously described26.

Statistics

Analyses used SPSS v23 (IBM) and R v4.4.2 (packages lme4, lmerTest and ggplot2), with two-sided P <
0.05. Normally distributed variables are shown as mean ± s.d., and others as median (interquartile
range); groups were compared using the t-test or Mann–Whitney U test, and categorical variables using
the χ² test. Associations of MSU with high-risk plaque and obstructive disease were tested by logistic
regression (odds ratios with 95% confidence intervals). Trends in immunopositive area across ordered
lesion categories were tested by the Jonckheere-Terpstra test; the XO–CD68 relationship was assessed
by Spearman correlation, by partial Spearman correlation adjusted for lesion morphology, and by a linear
mixed-effects model of ln(XO) on ln(CD68) with heart as a random intercept, fitted by maximum
likelihood. Cluster-robust standard errors gave equivalent results, and between-heart variability is
reported as the random-intercept standard deviation. No statistical method was used to predetermine
sample size, and lesion morphology was assigned blindly to the quantitative immunohistochemical data.
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Table 1. Baseline characteristics of the DECT cohort.

Characteristic Patients (n = 116) Vessels (n = 348)

Age (years) 66.1 ± 11.5 —

Male, n (%) 65 (56.0) —

Body-mass index (kg m⁻²) 23.8 (21.7, 26.2) —

Hypertension, n (%) 63 (54.3) —

Hyperlipidaemia, n (%) 26 (22.4) —

Diabetes, n (%) 29 (25.0) —

Current smoking, n (%) 15 (12.9) —

eGFR (ml min⁻¹ 1.73 m⁻²) 70.0 ± 17.4 —

Serum uric acid (mg dL⁻¹) 5.2 ± 1.3 —

LDL-cholesterol (mg dL⁻¹) 114.2 ± 31.3 —

Agatston score 40.9 (0, 227.1) 0 (0, 51.3)

Agatston score >100, n (%) — 64 (18.4)

Obstructive CAD (≥50%), n (%) 32 (27.6) 58 (16.7)

Spotty calcification, n (%) — 90 (25.9)

Low-attenuation plaque, n (%) — 16 (4.6)

Positive remodelling, n (%) — 26 (7.5)

High-risk plaque, n (%) 10 (8.6) 14 (4.0)

Data are mean ± s.d., median (interquartile range) or n (%). CAD, coronary artery disease; eGFR, estimated
glomerular filtration rate.

Table 2. Characteristics by coronary MSU status (DECT).
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Characteristic MSU− MSU+ P

Patients

Age (years) 64.7 ± 11.1 68.5 ± 12.0 0.10

Male, n (%) 35 (46.7) 30 (73.2) <0.05

Hypertension, n (%) 34 (45.3) 29 (70.7) <0.05

Serum uric acid (mg dL⁻¹) 4.9 ± 1.2 5.7 ± 1.4 <0.05

Agatston score 3.1 (0, 52.0) 302.3 (85.3, 855.0) <0.05

Obstructive CAD, n (%) 9 (12.0) 23 (56.1) <0.05

High-risk plaque, n (%) 5 (6.7) 5 (12.2) 0.32

Vessels

Agatston score 0 (0, 15.6) 143.0 (46.7, 370.0) <0.05

Agatston score >100, n (%) 30 (10.4) 34 (55.7) <0.05

Obstructive CAD (≥50%), n (%) 30 (10.5) 28 (45.9) <0.05

Spotty calcification, n (%) 63 (22.0) 27 (44.3) <0.05

Low-attenuation plaque, n (%) 9 (3.1) 7 (11.5) <0.05

Positive remodelling, n (%) 15 (5.2) 11 (18.0) <0.05

High-risk plaque, n (%) 8 (2.8) 6 (9.8) <0.05

Data are mean ± s.d., median (IQR) or n (%). MSU, monosodium urate.

Table 3. Vessel-level logistic regression for high-risk plaque and obstructive coronary artery disease.

Predictor Univariable OR (95% CI) P Multivariable OR (95% CI) P

High-risk plaque

Agatston score (per 10) 1.004 (0.988, 1.010) 0.63 0.996 (0.974, 1.019) 0.71

Agatston score >100 1.221 (0.331, 4.508) 0.77 0.541 (0.124, 2.366) 0.54

Coronary MSU 3.805 (1.270, 11.399) <0.05 4.911 (1.434, 16.815) <0.05

Obstructive CAD

Agatston score (per 10) 1.079 (1.054, 1.105) <0.05 1.066 (1.040, 1.092) <0.05

Agatston score >100 12.278 (6.442, 23.398) <0.05 7.882 (3.902, 15.921) <0.05

Coronary MSU 7.269 (3.872, 13.645) <0.05 3.220 (1.545, 6.712) <0.05
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Multivariable models for high-risk plaque are adjusted for Agatston >100. OR, odds ratio; CI, confidence
interval; CAD, coronary artery disease; MSU, monosodium urate.

Figures

Figure 1

Phantom discrimination of monosodium urate by dual-energy CT. Electron-density phantom (left),
single-energy CT image (centre) and DECT spectral-composition analysis with MSU shown as a green
overlay (right). Rods: iodine (2, 5, 10, 15 mg mL⁻¹), adipose, calcium (300, 100, 50 mg mL⁻¹), MSU and
solid water. Tabulated 120-kVp attenuation, electron density and effective atomic number are given in
the text.
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Figure 2

In vivo coronary monosodium urate imaged by dual-energy and photon-counting CT. A, Non-contrast,
ECG-gated dual-energy CT of a coronary segment, with MSU shown as a spectral overlay distinct from
adjacent calcium, in a hypertensive, hypercholesterolemic man with uric acid 7.8 mg/dl (165cm, 78kg,
BMI 28.7). B, Contrast-enhanced coronary CT angiography demonstrates a high-risk plaque (arrow) at
the same location. C, Corresponding images from a hypertensive, hypercholesterolemic woman with
serum urate 5.9 mg/dl (149cm, 44kg, BMI 19.8) show no urate deposits in coronary arteries (left) and D,
stable calcified plaque on CT angiography (right). E-F, Photon-counting CT spectral reconstruction of the
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lesion, with MSU rendered in green and calcium in purple. Two spectrally independent technologies
detect the same intracoronary crystal.

Figure 3

Cross-polarised micro-OCT and polarised-light microscopy of coronary crystals. Standard µOCT (a),
cross-sectional (b) and en-face (c) cross-polarised µOCT (CP-µOCT), and polarised-light microscopy (d)
of a fresh human cadaver coronary artery. Cross-sectional and en-face CP-µOCT show accumulated
needle-shaped crystals (arrows); polarised-light microscopy of the same specimen shows crystals with
negative birefringence characteristic of MSU. Scale bars, 50 µm.
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Figure 4

Xanthine oxidase parallels macrophage burden across plaque progression and emerges with necrotic
core formation. a, Representative serial sections of human coronary lesions: PIT without macrophages,
PIT with macrophages, early fibroatheroma (EFA), late fibroatheroma (LFA) and plaque rupture (PR),
stained with Movat pentachrome and by immunohistochemistry for CD68 and xanthine oxidase (XO). b,c,
CD68⁺ macrophage area (b) and XO⁺ area (c) as a percentage of annotated intimal area across lesion
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morphology (n = 9, 16, 18, 16 and 8 lesions; 67 lesions from 8 hearts); boxes show median and
interquartile range, whiskers extend to 1.5 × IQR, individual lesions overlaid; P for trend by the
Jonckheere-Terpstra test. d, XO versus CD68 area across all lesions (log-log axes; line, least-squares fit;
Spearman ρ = 0.85, P < 0.001; mixed-effects model with heart as a random intercept, β = 0.55, P <
0.001). e,f, Two lesions from one heart: PIT with macrophages (e), with dense CD68⁺ macrophages but
sparse XO (CD68 18.9%, XO 0.9%; ratio 0.05), and early fibroatheroma (f), with CD68⁺ macrophages and
XO co-localised at the necrotic-core periphery (CD68 5.4%, XO 2.5%; ratio 0.46).

Figure 5

XO is expressed by CD68⁺, CD163-low macrophages at the necrotic-core periphery. a, Early
fibroatheroma stained with Movat pentachrome (left) and by multiplex immunofluorescence for CD68
(yellow), XO (magenta), ACTA2 (cyan) and DAPI (white). Boxed regions are shown at higher
magnification to the right; the final panel omits the XO channel. Arrowheads indicate CD68⁺
macrophages co-expressing XO at the necrotic-core periphery; ACTA2⁺ smooth-muscle cells are present
in the media and fibrous cap. b, Early fibroatheroma stained with Movat pentachrome (left) and for
CD163 (green), XO (magenta) and DAPI (white), presented as in a; CD163⁺ macrophages accumulate at
the necrotic-core periphery but show little XO. NC, necrotic core; EFA, early fibroatheroma.
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