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ABSTRACT

Aim: The study aimed to explore the relationship between urate deposition and surrounding atherosclerotic plaques, and to confirm the contribution
of urate deposition to the development of coronary atherosclerosis.

Methods and results: The present study employed Dual-energy CT (DECT) material separation technology through calcium score scan to access the
presence of MSU crystal deposition in coronary atherosclerotic plaques in patients with clinically suspected coronary heart diseases undergoing
DECT. DECT showed that among 872 patients, 441 had plaques in coronary arteries; the incidence of plaque was 50.6 %. The patients were divided
in the atherosclerotic plaque vs. non-plaque groups. There were significant differences in age, sex, blood pressure, blood glucose, serum creatinine,
and history of gout and hyperuricemia between the plaque and non-plaque groups (all P < 0.05). Among the patients with coronary plaques, there
were 348 patients (78.9 %) with simple atherosclerotic plaque (AP), 8 (1.8 %) with simple urate depositions (UD), and 85 (19.3 %) with urate
depositions and atherosclerotic plaques (UDAP). The multivariable analysis showed that urate deposition was independently associated with pla-
ques after adjustment for age, sex, blood pressure, blood glucose, serum creatinine, history of gout, and history of hyperuricemia (OR = 13.69, 95%
CI: 7.53-22.95, P = 0.035). UPAP patients had significantly higher coronary calcium scores than AP patients [210.1 (625.2) AU vs 58.2 (182.5) AU,
P < 0.001] Urate deposition (16.7 mms) positively correlated with plaque calcification (73.8 mm?) in UPAP patients (r = 0.325, P < 0.001).
Conclusion: Patients with gout or a history of hyperuricemia were more likely to exhibit UDAP. Urate deposition was independently associated with
plaques.

1. Introduction

Coronary atherosclerotic disease is the major cause of death worldwide [1-3]. Most myocardial infarctions are caused by the
erosion or rupture of coronary plaques [4-6]. About 2/3 of cases of myocardial infarctions and sudden cardiac deaths result from
plaque rupture [7,8]. With the development of high-performance image technologies, including invasive and noninvasive coronary
angiography, coronary plaques can easily be detected. Still, we know little about the nature and features of coronary plaque, such as
plaque components and architecture. Indeed, the physical and chemical characteristics of plaque are important factors determining the
stability and rupture of coronary artery plaques [6,9]. Plaque instability is caused by the complex interplay among structural plaque
features, local hemodynamic forces, and biological processes acting on the plaque surface. Thus, the identification of physical char-
acteristics and chemical composition of the plaque by imaging may help physicians to predict plaques at high risk of major adverse
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cardiovascular events [5].
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Gout is a risk factor for cardiovascular diseases (CAD) [10-19]. Hyperuricemia associated with gout causes a systemic inflam-
mation that may lead to monosodium urate (MSU) deposition in various tissues and organs in the body; for example, the most common
urate deposition is observed in musculoskeletal joints, leading to inflammatory arthritis [20]. Early studies revealed that MSU
deposition can be detected in aortic aneurysms and coronary plaques from endarterectomy specimens [21]. Conventional imaging
techniques cannot distinguish monosodium urate deposition from atherosclerotic plaque.

Inclusion criteria:1). Patients presenting
with clinical symptoms (chest pain, chest
tightness, or shortness of breath) or
electrocardiogram manifestations
suggestive of coronary heart disease(ST-
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Dual-energy computed tomography (DECT) imaging allows the identification of the material characterization based on the prin-
ciple that materials have a specific X-ray absorption spectrum of atomic elements at two different energy levels [22]. DECT can detect
MSU deposition in kidney stones, which are much larger than coronary plaques and likely with higher MSU concentration. Some
studies have attempted to detect urate deposition in coronary plaque using DECT without definite proof. Recently, several articles
reported that DECT detects coronary MSU plaque in patients with gout or hyperuricemia [23-25]. MSU deposition is closely associated
with coronary artery diseases [23], but there are few clinical studies about urate deposition plaque in coronary heart diseases [23,24].

Therefore, the present study aimed to employ Dual-energy CT (DECT) material separation technology to explore the relationship
between urate deposition in coronary plaques and surrounding atherosclerotic plaques, and to confirm the contribution of urate
deposition to the development of coronary atherosclerosis.

2. Methods
2.1. Participants

Patients with clinically suspected coronary heart diseases were recruited in the outpatient and inpatient departments of the
Affiliated Hospital of Yangzhou University (Yangzhou, China) between January 2022 and August 2022.

2.1.1. Inclusion criteria

1). Patients presenting with clinical symptoms (chest pain, chest tightness, or shortness of breath) or electrocardiogram mani-
festations suggestive of coronary heart disease (ST-segment depression or elevation, T wave low flat, bidirectional or inverted);
2). Patients without severe cardiac arrhythmias that could impact cardiac gating; 3). Heart rate <100 beats per minute; 4).
Ability to tolerate CCTA examination without any known allergies to contrast agents.

2.1.2. Exclusion criteria
1). Patients with a history of cardiac surgery (coronary artery bypass grafting, coronary artery/aortic stent implantation, heart
valve replacement, or pacemaker implantation); 2). Inability to tolerate CCTA examination; 3). Heart rate >100 beats per

minute or presence of severe cardiac arrhythmias that could affect cardiac gating; 4). incomplete clinical data.

The study protocol was approved by the Institutional Medical Ethics Committee of Yangzhou University (approval #2022-YKL5-
18-008). Informed consent was obtained from each patient.

2.2. Study design

The patients underwent coronary DECT to evaluate monosodium urate deposition and atherosclerotic plaque in coronary arteries,
and the patients agreed to undergo DECT and signed informed consent before the examination (Fig. 1).
The criteria for the clinical diagnosis of myocardial ischemia was defined as a typical history of angina pectoris and/or ECG signs of

Fig. 2. Several artifacts of cardiac DECT. The green pixels were bronchial calcification.
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ischemic ST-T depression. The inclusion criteria for DECT examination were patients with clinically suspected myocardial ischemia
and heart rate (HR) < 100 beats/min. The lesions with a diameter of <2 mm were not classified as positive findings of MSU plaque
because such a small signal may be produced by other deposits in skin or vessels during DECT examination, which is difficult to
distinguish from true MSU deposits. According to the American College of Radiology/European League Against Rheumatism guide-
lines, nail bed deposits, submillimeter deposits, skin deposits, and deposits obscured by motion, beam hardening, vascular artifacts,
artifacts on rib cartilage, and bronchial calcifications [26] were not classified as positive findings in the present study [27] (Fig. 2).

2.2.1. Endpoint
The primary endpoint of the study was the presence of atherosclerotic plaques. The secondary endpoint of the study was the
coexistence of atherosclerotic plaques and urate deposition.

2.2.2. Data collection

The following clinical patient data were collected or measured in the outpatient and inpatient clinics of the hospital: sex, age, body
mass index (BMI), blood pressure, history of angina pectoris, ECG sign of myocardial ischemia, history of gout, history of hyperuri-
cemia, and fasting plasma levels of cholesterol, triglycerides, fasting blood glucose, creatinine, C-reactive protein (CRP), and
neutrophils.

2.2.3. Cardiac ultrasound

Two physicians with extensive experience of 10 and 14 years in cardiac ultrasound (US) examined all patients. They used an Eagus
R9ultrasonic machine (Mindray, China) with a 1.5-4 MHz probe. All US results were evaluated by two independent physicians who
were blinded to clinical data. A consensus was reached regarding the images from some doubtful cases.

2.2.4. Cardiac DECT

All patients underwent DECT with two energies at 90 kV of tube A and 150 kV of tube B, with a pitch of 0.15. A non-contrast
electrocardiography-gated computed tomography (CT) examination with standardized scan parameters was performed using a 256-
slice dual-source CT (SOMATOM Force; Siemens) with a rotation time of 0.25 s, and prospective electrocardiography triggering for
HRs <100 bpm. Axial images were reconstructed with 1.0-mm slice width, increment of 0.5, and a medium-smooth convolution kernel
(Qr36). The parameters of the gout algorithm were a resolution of 5, a minimum value of 150 HU, an iodine ratio of 1.33, and an air
distance of 5.

2.2.5. Detection of plaques in the cardiovascular system

According to the location of the plaque, coronary artery plaques were divided into the right coronary artery, left main artery,
circumflex artery, and left anterior descending artery plaques. Calcified plaques and Agatston units (AU) were calculated in the
original CT scanning images, while urate deposits were recognized in color-coded DECT images.

2.2.6. Identification of MSU deposition in the cardiovascular system
The original images from Digital Imaging and Communications in Medicine (DICOM) were imported into the Syngovia worksta-
tion. The MSU deposition was evaluated using the embedded software, where the pixels in green were defined as “MSU deposition”,

-Uric Acid .&-Atherosclerotic Plague

Fig. 3. Quantification of uric acid deposition and atherosclerotic plaque volume.
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and the blue and purple pixels were defined as “atherosclerotic plaque” [22]. The plaque volume was calculated by multiplying
sectional areas of all layers by layer thickness (1 mm). The regions of interest (ROIs) were drawn by two independent radiologists
(Fig. 3). Two radiologists with rich experience of 8 and 10 years in gout imaging and cardiovascular imaging by DECT evaluated and
scored the DECT images in consensus. They were blind to clinical and medical history, and the plaque volume was taken as an average
value of the two reviewers’ measurements.

2.3. Statistical analysis

Statistical analyses were conducted using SPSS 25.0 (IBM, Armonk, NY, USA). Categorical data were presented as n (%) and
analyzed using the chi-square test. Continuous data were presented as means (standard deviation) and analyzed using Student’s t-test.
Univariable and multivariable regression analyses were determined to examine the factors associated with plaques. Comparison of
calcium score between patients with gout and controls, as well as comparison of calcium score between DECT-positive and DECT
negative patients, was performed with a 2-tailed t-test. Spearman rank sum was used to analyze the correlation between uric acid
crystal volume and surrounding atherosclerotic plaque volume. Two-tailed P-values <0.05 were considered statistically significant.

3. Results
3.1. Characteristics of the patients

According to the inclusion criteria, 936 participants were enrolled and underwent a DECT examination of the coronary arteries.
And accroding to the exclusion criteria, 64 patients were excluded and 872 patients were enrolled in this study.

Among the 872 patients, 441 patients were found to have plaques in the coronary arteries or aorta, with a plaque detection rate of
50.6 %, including 348 patients with simple atherosclerotic plaque (AP), 8 patients with simple urate deposition (UD), and 85 patients
with atherosclerotic plaque and urate coexisting plaque (UDAP) (Table 1 and Fig. 4) (Al. The presence of a plague at the beginning of
the left anterior descending coronary artery and the corresponding DECT shows the coexistence of urate deposition (yellow arrow) and
atherosclerotic plaque (white arrow). A2. The corresponding positions of the original images are represented by arrows, respectively.
B1-2. The plaque was seen in the distal right coronary artery in the transverse position, and the corresponding DECT showed the
coexistence of urate deposition (yellow arrow) and atherosclerotic plaque (white arrow).). Among the 441 patients with artery plaque,
85 had MSU deposition, accounting for 19.3 % of the total number of plaques. These results suggested that MSU is more likely to
deposit in atherosclerotic lesions. Furthermore, we analyzed the location of urate deposition in the coronary artery. Among the 85
patients with atherosclerotic plaque and urate deposition, we found 116 urate deposits, including 57 (49.1 %) in the left anterior
descending arteries, 44 (37.9 %) in the right coronary artery, and 15 (12.9 %) in the left circumflex coronary artery (some patients had
urate depositions in multiple coronary arteries).

3.2. Clinical characteristics in patients with plaques

The patients were divided in the atherosclerotic plaque vs. non-plaque groups. The clinical characteristics of the patients are
presented in Table 1. There were significant differences in age, sex, blood pressure, blood glucose, serum creatinine, and history of gout
and hyperuricemia between the plaque and non-plaque groups (all P < 0.05), while other clinical parameters showed no significant

Table 1
Characteristics of the patients.
Plaque group (n = 441) Non-plaque group (n = 431) P

Age 69(14) 61(18) 0.001
Sex 0.004

Male 65.3 % 45 %

Female 34.6 % 55 %
Body mass index (kg/mz) 24.50 (3.89) 24.85 (4.19) 0.578
Blood uric acid (mmol/L) 336.4 (129.3) 311.4 (116.4) 0.131
Blood pressure (mmHg)

Systolic blood pressure 155 (40) 140 (33) 0.001

Diastolic blood pressure 90 (20) 87 (29) 0.001
Blood glucose (mmol/L) 6.33 (2.78) 5.86 (1.77) 0.033
Serum creatinine (pmol/L) 69.7 (21.9) 64.0 (28.4) 0.011
Triglyceride (mmol/L) 1.51 (1.41) 1.41 (1.07) 0.313
Total cholesterol (mmol/L) 4.10 (1.44) 4.25(1.31) 0.628
C-reactive protein (mg/L) 1.35(3.72) 1.79 (3.26) 0.337
Neutrophil ( x 109/L) 3.81 (1.83) 3.63 (1.49) 0.210
History of gout 12.2% 8.8 % 0.002
History of hyperuricemia 281 % 18.3 % 0.001
Urate deposition 0.001
Yes 85 8
No 356 423
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Fig. 4. Urate deposition of DECT in the cardiovascular system (the basic information of the patient is shown in Table 1). Al. The presence of a
plague at the beginning of the left anterior descending coronary artery and the corresponding DECT shows the coexistence of urate deposition
(yellow arrow) and atherosclerotic plaque (white arrow). A2. The corresponding positions of the original images are represented by arrows,
respectively. B1-2. The plaque was seen in the distal right coronary artery in the transverse position, and the corresponding DECT showed the
coexistence of urate deposition (yellow arrow) and atherosclerotic plaque (white arrow).

difference (Table 1).

In addition, the multivariable analysis showed that urate deposition was independently associated with plaques after adjustment
for age, sex, blood pressure, blood glucose, serum creatinine, history of gout, and history of hyperuricemia (OR = 13.69, 95%CI:
7.53-22.95, P = 0.035) (Table 2).

Table 2
Multivariable logistic regression analysis.
OR (95%CI) P
Unadjusted model
Urate deposition
Yes 15.23 (8.792-27.795) 0.024
No REF
Adjusted model®
Urate deposition
Yes 13.69 (7.528-22.953) 0.035
No REF

@ Adjusted for age, sex, blood pressure, blood glucose, serum creatinine, history of
gout, and history of hyperuricemia.
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3.3. Subgroup analysis of the plaque group

The patients with plaques were divided into the AP and UDAP + UD groups. Compared with the AP group, the UDAP + UD group
showed a higher frequency of gout (25.71 % vs. 10.42 %, P = 0.001) and hyperuricemia (P = 0.001). There were no differences
between the two groups regarding the other characteristics (Table 3).

3.4. Correlations between urate deposition and calcification around plaque

Both atherosclerosis and urate deposition are prone to induce calcification. The mean coronary calcium score among UPAP was
significantly higher than the calcium score among AP [210.1 (625.2) AU vs 58.2 (182.5) AU, P < 0.001]. Spearman rank sum cor-
relation analysis was used to analyze the relationship between uric acid deposition and plaque calcification in UPAP patients. Urate
deposition volume is 16.7 (22.15) mm3, and calcification volume around plaque is 73.8 (125.65) mm?® in UPAP patients. MSU
deposition volume were positive correlated with calcification volume around plaque (r = 0.325, P < 0.001).

4. Discussion

This study presents a novel perspective on the deposition of MSU in the cardiovascular system. The results indicate that patients
with a history of hyperuricemia or gout have a higher likelihood of MSU deposition in their atherosclerotic plaques. Furthermore, a
strong correlation was observed between MSU deposition and atherosclerotic plaques with larger volumes and higher calcification.
Regarding function, patients with MSU deposition in atherosclerotic plaques exhibited a slightly decreased cardiac ejection fraction
than those without MSU deposition.

This study considered MSU deposits (green pixels) adjacent to calcifications as artifactual when they were <2 mm in size. Despite
the presence of heavy calcifications, large deposits of MSU were observed frequently in control patients. In coronary calcium scoring
(thicker collimation and 3-mm reconstructions), calcification involving less than three adjacent pixels is usually considered an artifact.
Due to the higher resolution of the DECT protocol and the more advanced CT system (SOMATOM Force; Siemens), a threshold of less
than two pixels was selected for artifacts. Even though this distinction may appear arbitrary, the present study and Klauser et al. [23,
28] experience showed that a two-mm threshold is appropriate for distinguishing true MSU deposits from artifacts. Even though
cardiovascular motion, beam hardening, and partial volume effects may cause substantial artifacts, the present study was not limited
by these limitations. Artifacts related to motion would be expected to produce blurred areas of colorization corresponding to areas of
maximum motion, not the well-defined color-coded regions corresponding to vascular plaques observed here. Images might show
streaks if dual-energy results are related to beam hardening. Findings related to partial volume effects might be expected to outline the
periphery of plaques. These features were not observed here either. MSU deposits were also concentrated in areas of vascular plaque
rather than dispersed along vessel walls, as one might expect from artifacts. Most importantly, the cadaver studies by Klauser et al. [23,
28] confirmed that DECT did identify true areas of MSU deposits [23,28].

Gout is a kind of metabolic disease. In recent years, along with the improvement of living standards and changes in diet, the content
of serum MSU in the population has been increasing [10]. At present, most studies on gout using DECT focus on peripheral joints, such
as the metatarsophalangeal joint, knee joint, sacroiliac joint, and wrist joint, and there are few studies on the deposition of MSU
crystals in the cardiovascular system [23-25]. Several clinical studies confirmed a correlation between gout and the incidence of CVD
[10-19]. Although gout is an independent high-risk factor for CVD, the effect of hyperuricemia on CVD is still conflicting. Some
authors believe that there is a correlation between serum MSU acid and atherosclerosis [14,29,30], but some authors reported the
opposite [31,32]. Colantonio et al. [33] confirmed a linear relationship between increased serum MSU and poor prognosis after acute
myocardial infarction. Several mechanisms for the transport of MSU into coronary plaque have been suggested, one of which is that the
elevated SUA levels increase platelet adhesion, promote the production of cytokines, lead to vasoconstriction and endothelial

Table 3
Subgroup analysis of the plaque group.
AP (n = 348) UDAP + UD (n = 93) P

Sex, Male (%) 65.2 54.8 0.081
Age (years) 68.0 + 10.5 70.5 (12.0) 0.431
Body Mass Index (kg/m?) 24.26 + 3.45 24.3 (3.2) 0.514
Serum uric acid level (mmol/L) 336.9 + 89.0 325.6 (112.1) 0.455
Gout (%) 10.42 25.71 0.001*
Hyperuricemia (%) 27.08 42.85 0.001*
Blood pressure (mmHg)
Systolic pressure 160 (39) 155 (47) 0.683
Diastolic pressure 90 (20) 90 (20) 0.993
Serum glucose (mmol/L) 6.04 (2.24) 6.53 (2.55) 0.482
Serum creatinine (pmol/L) 65.9 (23.3) 69.8 (15.0) 0.596
Triglyceride (mmol/L) 1.50 (1.17) 1.53 (1.66) 0.747
Total cholesterol (mmol/L) 4.13 (1.37) 4.11 (1.45) 0.418
Serum C-reactive protein (mg/L) 1.24 (4.62) 1.13 (1.74) 0.155
Serum neutrophils ( x 10°/L) 3.62 (1.75) 3.59 (1.49) 0.44
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dysfunction, and then form necrotic cores and make plaques unstable and even promote their progression [34-36]. In hyperuricemia,
reactive oxygen species (ROS) are produced simultaneously with the formation of uric acid by xanthine oxidases. Intracellular uric acid
has also been reported to promote the production of ROS. ROS and intracellular uric acid regulate several intracellular signaling
pathways, and alterations in these pathways may result in the development of atherosclerotic lesions [36]. Patetsios et al. [21]
qualitatively and quantitatively measured the components of atherosclerotic plaques and found that the levels of uric acid, cholesterol,
and xanthine oxidase in atherosclerotic plaques increased in carotid endarterectomy specimens but not in non-atherosclerotic control
specimens, which supported the pathophysiological role of MSU in atherosclerosis. In a study in 2019, Klauser et al. [23] first proposed
that there could be MSU deposition in the coronary arteries and proved this view by autopsy. Then, in 2020, Feuchtner et al. [24] also
proved that there was MSU deposition in the coronary arteries by establishing a model of MSU deposition in the coronary artery.

According to DECT, this study made a noninvasive visualization and quantitative study of urate deposition in the cardiovascular
system, which can provide a novel value of diagnosis and treatment for the clinic. The proportion of MSU deposition in people with
plaques is about 21.1 %. In addition, since the DECT scanning mode does not significantly increase the dose line exposed by the patient
[37,38], this study also clarified that the presence of MSU in atherosclerotic plaques in the cardiovascular system could not be pre-
dicted by relying solely on the basic and clinical data of the patients. Therefore, if DECT can be routinely used in the physical ex-
amination of high-risk populations (such as a personal or family history of gout, hyperuricemia, and known coronary heart disease), it
can provide guidance value for clinical treatment. It can also roughly estimate the incidence of atherosclerosis caused by urate
deposition in the population.

A total of 93 patients had MSU deposition in this study. After excluding patients with incomplete clinical data, the lack of a sig-
nificant difference in serum uric acid levels between UDAP and AP patients could be attributed to the chronic nature of MSU deposition
and atherosclerotic plaque formation. A single blood test may not accurately reflect the overall condition of the patient. Therefore, this
study investigated the patients’ prior history of hyperuricemia and gout and found that patients with such a history were more likely to
develop MSU deposition in their atherosclerotic plaques. Hyperuricemia is defined as a serum urate level of 6.8 mg per deciliter (404
pmol per liter) or more [3]. In future studies, drugs should be administered to patients with a history of gout or hyperuricemia, fol-
lowed by a DECT evaluation of the volume of urate deposition post-treatment for hyperuricemia. Therefore, we should continue to
explore the causal relationship between patient data and clinical outcomes.

There are several limitations to this study. First, the latest generation of DECT (SOMATOM Force, Siemens) has been used in this
study, and the temporal and spatial resolution of the scanned image has reached the best. However, limited by the hardware per-
formance, this scanning scheme still has requirements for the HR of patients. According to this study, when the HR of patients is < 120
bpm, the image can meet the needs of DECT post-processing and diagnosis. Still, at present, there is no clear “gold standard” for the
scanning scheme and post-processing scheme of DECT in the cardiovascular system. The parameters and post-processing scheme of this
scan were based on the experience and research of Klauser et al. [23] and Feuchtner et al. [24]. Second, we cannot verify the sensitivity
and specificity of DECT detection of MSU deposition in atherosclerotic plaque, though Klauser suggested that the 2-mm threshold was
appropriate to discriminate true MSU deposits from artifacts [28]. Further studies are needed to investigate the correlation between
the pixels identified by DECT and the pathological findings from polarizing microscopy. Moreover, the percentage and reasons for any
discrepancies between DECT and polarizing microscopy should be the next study focus.

5. Conclusion

This study used DECT to detect MSU deposition in atherosclerotic plaques. Patients with gout or hyperuricemia are more likely to
display MSU deposition. The clinical significance of the coexisting plaque should be investigated by future clinical studies. DECT may
provide a relatively simple method for detecting and identifying coronary MSU deposition at risk for cardiovascular diseases.
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