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Abstract 

Multimorbidity, particularly cardiometabolic multimorbidity (CMM), is a growing global 

health challenge, defined by the co-occurrence of cardiometabolic diseases (CMDs) like type 

2 diabetes, ischemic heart disease, and stroke. While serum uric acid (SUA) and gout have 

been linked to various chronic conditions, their roles in multimorbidity and the CMM trajectory 

remain unexplored in large populations. Using data from over 400,000 UK Biobank 

participants, we explored the associations between SUA, gout, 36 chronic conditions, and 

multimorbidity. A multi-state model was applied to investigate SUA and gout’s roles in the 

CMM trajectory, including transitions from CMD-free status to first CMD (FCMD), CMM, 

and death. Analyses were conducted for the overall population and stratified by sex. We 

observed that higher SUA levels and gout were associated with a higher likelihood of 

multimorbidity and multiple chronic conditions, particularly CMDs. Multi-state analysis 

revealed that both SUA and gout increased the risk of most transitions. Classifying FCMDs by 

specific CMDs further revealed distinct roles of SUA/gout in disease-specific transitions, even 

at the same stage. Sex-specific analyses showed a stronger impact in females compared to 

males. These findings highlight the importance of managing SUA levels and gout to prevent 

multimorbidity and slow CMM progression, particularly in females. 

 

Keywords: Multimorbidity; Cardiometabolic multimorbidity; Serum uric acid; Gout; Sex 

differences; Prospective cohort study 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      

Introduction 

Multimorbidity, defined as the coexistence of two or more conditions in an individual, is 

increasingly prevalent, emerging as a growing global challenge [1]. Cardiometabolic 

multimorbidity (CMM), one of the most replicable multimorbidity profiles [2], is characterized 

by the co-occurrence of at least two cardiometabolic diseases (CMDs), including type 2 

diabetes (T2D), ischemic heart disease (IHD), and stroke [3]. CMM is associated with 

increased mortality, reduced life expectancy, greater functional decline, reduced quality of life, 

and rising healthcare costs [4-7]. Given the substantial burden of multimorbidity, particularly 

CMM, identifying potential modifiable risk factors is crucial. 

 

Serum uric acid (SUA), the end product of purine metabolism, is essential for maintaining 

health within normal ranges. However, elevated SUA levels [i.e., hyperuricemia (HUA)] are 

recognized as the most important risk factor for gout, one of the most common inflammatory 

arthritis. Mendelian randomization studies have established a causal link between elevated 

SUA levels and an increased risk of gout [8, 9]. Mechanistically, elevated SUA promotes the 

formation of monosodium urate crystals, which activate the NLRP3 inflammasome and trigger 

IL-1β–mediated inflammation, leading to the development of gout [10]. Both elevated SUA 

and gout are associated with an increased risk of various chronic conditions [8, 11], potentially 

through mechanisms such as systemic inflammation, oxidative stress, renin–angiotensin–

aldosterone system activation, and endothelial dysfunction [11-13]. Despite this, most studies 

primarily focused on a limited number of chronic diseases, leaving the comprehensive 

relationship between SUA, gout, multiple chronic conditions, and multimorbidity in large 

populations insufficiently explored. Only two observational studies have examined the impact 

of SUA on the CMM development. One study identified an SUA-derived indicator associated 

with an increased risk of incident CMM in participants free of CMDs, regardless of the 
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intermittent progression of a single CMD [14]. Another study assessed the effects of SUA 

changes on a single CMD and its progression to CMM in a limited population [15]. However, 

these analyses were fragmented, and the roles of SUA and gout in the complete CMM trajectory 

(i.e., from free of CMD to CMD, CMM, and finally death) were largely unknown [3]. 

Furthermore, sex is a crucial factor in multimorbidity clusters and their trajectories [1]. 

Although previous studies have identified sex-specific effects of SUA and gout on CMDs [16-

18], whether this phenomenon persists in the longitudinal progression of CMM remains unclear. 

 

Therefore, we aimed to explore the associations between SUA, gout, 36 chronic conditions, 

and multimorbidity in the UK Biobank of 0.4 million participants. Based on these results, we 

further employed a multi-state model to investigate the roles of SUA and gout in the CMM 

trajectory, including transitions from CMD-free status to first cardiometabolic disease (FCMD), 

CMM, and finally death. Additionally, we examined the different roles of SUA and gout in all 

possible transitions by classifying FCMDs into specific conditions (i.e., T2D, IHD, and stroke). 

Notably, all analyses were conducted across the overall population, as well as separately for 

females and males, to comprehensively assess both general and sex-specific effects. 

 

Results 

SUA levels, 36 chronic conditions, and multimorbidity  

Table 1 presents the baseline characteristics of the participants in the cross-sectional study. 

There were 362,833 participants without multimorbidity, and 106,096 with multimorbidity. 

Those with multimorbidity were more likely to be female and older. They were previous or 

current smokers, belonged to the most deprived group, had lower educational attainment, and 
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had less drinking frequency. They also had higher SUA levels and body mass index (BMI), 

and a greater prevalence of gout at enrollment. Baseline characteristics stratified by sex are 

also presented in Table S1.  

 

As shown in Fig. 1, Figure S1, and Table S2, per standard deviation (SD) increase in SUA was 

associated with a 26.7% higher likelihood of multimorbidity [odds ratio (OR): 1.267, 95% 

confidence interval (CI): 1.256-1.277] and a 14% increase in the number of chronic conditions 

[relative risk (RR): 1.142, 95% CI: 1.138-1.146]. SUA was significantly associated with 23 

conditions, 14 of which were positively correlated, such as heart failure, chronic kidney disease 

(CKD), hypertension, atrial fibrillation, myocardial infarction (MI), angina, stroke, cirrhosis, 

thyroid disorders, chronic obstructive pulmonary disease, and diabetes. Conversely, SUA 

exhibited negative associations with 9 conditions, such as Parkinson’s disease, epilepsy, 

multiple sclerosis, osteoporosis, and dementia.  

 

Furthermore, sex differences were observed (Fig. 1, Figure S2). The association between SUA 

and multimorbidity was stronger in females (OR: 1.406, 95% CI: 1.390-1.422) than in males 

(OR: 1.151, 95% CI: 1.138-1.165) (Pinteraction < 0.001). SUA was linked to more chronic 

conditions in females compared to males (Pinteraction < 0.001) (Table S2). Notably, females were 

more susceptible to the detrimental effects of SUA in certain conditions, such as heart failure, 

CKD, diabetes, hypertension, MI, atrial fibrillation, angina, and stroke. 
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Gout, 36 chronic conditions, and multimorbidity  

Among the 9,945 participants with gout at baseline, 3,807 had prevalent multimorbidity (Table 

1). Compared to participants without gout, those with gout had 94.6% higher odds of 

multimorbidity (OR: 1.946, 95% CI: 1.865-2.031) and a greater number of chronic conditions 

(RR: 1.431, 95% CI: 1.405-1.457) (Fig. 1, Figure S3, Table S2). Gout showed significant 

associations with 20 conditions, 15 of which were positively correlated, such as CKD, heart 

failure, hypertension, anemia, atrial fibrillation, diabetes, stroke, angina, and MI. In contrast, 

gout was inversely associated with 6 conditions, including schizophrenia, Parkinson’s disease, 

hepatitis, epilepsy, migraine, and osteoporosis. 

 

As Fig. 1 and Figure S4 indicate, the association between gout and multimorbidity was more 

pronounced in females (OR: 2.758, 95% CI: 2.433-3.125) than in males (OR: 1.843, 95% CI: 

1.761-1.929) (Pinteraction < 0.001). Gout was linked to more chronic conditions in females 

compared to males (Pinteraction < 0.001) (Table S2). Females exhibited a higher susceptibility to 

gout’s adverse effects in seven conditions, including CKD, diabetes, hypertension, MI, angina, 

stroke, and asthma (Pinteraction < 0.05). 

 

SUA levels, gout, and the CMM trajectory (transition pattern A) 

Our cross-sectional analysis demonstrated that both SUA and gout significantly increased the 

odds of three CMDs—diabetes, IHD (MI, angina), and stroke—overall and by sex. Building 

on these findings, our cohort study further investigates CMDs and CMM. Table 2 presents the 
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baseline characteristics of participants in the cohort study. Compared to healthy individuals 

(i.e., CMD-free), those who progressed into CMM (i.e., CMM survivors and dead with CMM) 

were more likely to be male, older, previous or current smokers, belong to the most deprived 

group, have lower educational attainment, and report infrequent alcohol consumption. They 

had higher SUA levels, BMI, and a greater prevalence of gout at enrollment. The baseline 

characteristics stratified by sex are also presented in Tables S3-4. As shown in Fig. 2A, over a 

12.7-year median follow-up period (interquartile range: 11.8, 13.5), 52,042 (12.4%) 

participants developed at least one CMD, with 6,383 (12.3%) subsequently developing CMM. 

During the follow-up, 25,879 participants died, including 16,810 without CMD, 7,497 with 

FCMD, and 1,572 after developing CMM. 

 

As indicated by the traditional Cox models, both SUA and gout significantly increased the risk 

of FCMD, CMM, and all-cause mortality, particularly in females (Table S5). As shown in Fig. 

2A-B, the multi-state analyses further revealed different impacts of SUA/gout on the temporal 

trajectory of CMM. Both SUA and gout significantly increased the risk of the transition from 

healthy to FCMD and subsequent CMM, with hazard ratios (HRs) (95% CIs) of 1.297 (1.285-

1.31) and 1.128 (1.1-1.158) for SUA, as well as 1.439 (1.372-1.510) and 1.221 (1.083-1.376) 

for gout. Besides, both SUA (HR: 1.046, 95% CI: 1.027-1.065) and gout (HR: 1.121, 95% CI: 

1.018-1.235) elevated risks of the transition from baseline to death. However, for the transition 

from FCMD to death, opposite effects were observed for SUA (HR: 0.934, 95% CI: 0.911-
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0.957) and gout (HR: 0.945, 95% CI: 0.839-1.064). Furthermore, no significant associations 

were found between SUA or gout and the transition from CMM to death. 

 

When stratified by sex, the results for SUA and gout aligned with the overall trend, but 

significant sex differences were noted in various transitions (Fig. 2C). Specifically, females 

showed greater susceptibility to SUA than males in transitions from baseline to FCMD, FCMD 

to CMM, and baseline to death (all Pinteraction < 0.001). Similar patterns were noted for gout, 

with stronger effects in females for these transitions (Pinteraction < 0.05), except for FCMD to 

CMM (Pinteraction = 0.059). No significant sex differences were found in the effects of SUA and 

gout on the transition from morbidity to mortality. 

 

SUA levels, gout, and the CMM trajectory (transition pattern B) 

When FCMDs were further divided into T2D, IHD, and stroke, 14,754 (3.5%) participants had 

T2D, 25,685 (6.5%) had IHD, and 10,378 (2.5%) had stroke. Of these, 1,612 (10.9%), 2,365 

(9.2%), and 1,181 (11.4%) developed CMM, respectively (Fig. 3A). Both SUA and gout were 

linked to an increased risk of transition from baseline to each CMD, with the strongest 

association observed for T2D [HR (95% CI): 1.7 (1.672-1.729) for SUA; 2.12 (1.956-2.298) 

for gout], followed by IHD [1.173 (1.157-1.19) for SUA; 1.227 (1.144-1.316) for gout], and 

stroke [1.066 (1.042-1.091) for SUA; 1.16 (1.028-1.308) for gout]. For CMM following FCMD, 

SUA increased the risk in individuals with IHD and stroke but not T2D, while gout was 

significantly associated only with stroke progression. In mortality analyses, both SUA and gout 

elevated the risk of transition from baseline to death, but not from FCMDs or CMM to death 

(Fig. 3B). 
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Sex-specific effects of SUA and gout were observed in transition pattern B (Fig. 3C). The 

influence of SUA and gout on transitions from baseline to T2D and IHD was more pronounced 

in females (Pinteraction < 0.05), but no such difference was found for stroke. Moreover, females 

were more susceptible to SUA in transitions from all three FCMDs to CMM, and to gout in the 

transition from T2D to CMM (Pinteraction < 0.05). SUA and gout also had a stronger impact on 

the transition from baseline to death in females. Except for gout’s effect on the transition from 

IHD to death (Pinteraction = 0.049), no sex-specific associations were observed for other 

transitions from FCMDs or CMM to mortality. 

 

Subgroup and sensitivity analyses  

In addition to sex, we stratified the results by age, ethnic background, and the Townsend 

deprivation index. Age-based stratification revealed stronger associations between SUA, gout, 

and multimorbidity in individuals under 60 years old compared to those above 60 (Pinteraction < 

0.001 for SUA; Pinteraction = 0.0327 for gout). No significant interactions were found in other 

subgroups (Table S6).  

 

Sensitivity analyses confirmed that the cross-sectional associations between SUA, gout, and 

multimorbidity, overall and by sex, remained robust (Figure S5, Tables S7-8). The overall and 

sex-specific effects of SUA and gout on transition pattern A were largely unchanged, except 

for the relationship between gout and the risk of transitioning from baseline to death after 
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further adjustment for SUA and HUA (Tables S9-10). Similarly, the results for transition 

pattern B remained robust (Figure S6). 

 

Discussion 

In this large prospective cohort study of 0.4 million adults, we examined the effects of SUA 

and gout on 36 chronic conditions, multimorbidity, and the CMM trajectory. Cross-sectional 

analyses suggested that both higher SUA levels and gout were associated with an increased 

likelihood of multimorbidity and multiple chronic conditions. Multi-state analysis revealed that 

higher SUA levels and gout were significantly linked to higher risks of most transitions (e.g., 

from baseline to FCMD, from FCMD to CMM, and from baseline to death). When FCMDs 

were divided into three specific conditions, the effects of SUA and gout varied by condition 

within the same transition stage. Notably, the strongest effects were observed for T2D in the 

transition from baseline to FCMD and for stroke in the transition from FCMD to CMM. Sex-

stratified analyses showed that both females and males exhibited similar trends to the overall 

population, with SUA and gout having a more pronounced impact in females. 

 

A recent cross-sectional study in China, defining multimorbidity as the presence of 15 chronic 

conditions, found that individuals with elevated SUA levels (> 430 μmol/L) are more likely to 

experience multimorbidity (OR: 1.36, 95% CI: 1.22-1.51) compared to those within the normal 

SUA range (120-430 μmol/L) [19]. In our study, we assessed multimorbidity across 36 chronic 

conditions in a cohort of 400,000 individuals from the UK. Using the effect size of HUA for 
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comparison, we found a similar yet stronger impact in our cohort (OR: 1.723, 95% CI: 1.691-

1.757) (Table S7). With a broader range of well-documented conditions and a larger sample 

size, our study substantially reinforces the association between SUA and multimorbidity. 

Another recent study based on the China Kadoorie Biobank (CKB) finds that gout patients 

have a higher prevalence of ≥ 2 co-morbidities (OR: 4.11, 95% CI: 3.56-4.74) [11]. Our study 

also revealed a significant, though smaller, adverse effect of gout (OR: 1.946, 95% CI: 1.865-

2.031). This discrepancy may stem from differences in gout definitions across studies. In the 

CKB cohort, nearly all gout cases were hospitalized, indicating more severe disease, whereas 

our cohort included diagnoses across primary care, hospital admissions, and mortality records. 

Consequently, our effect size more accurately reflects the general severity of gout, while 

minimizing potential selection bias. Additionally, we employed a quasi-Poisson mixed-effects 

model to assess the relationships between SUA, gout, and the number of chronic conditions, a 

methodology not previously reported (Table S2). This reinforces the negative impact of SUA 

and gout on multimorbidity. 

 

Only one observational study has simultaneously examined the effects of SUA and gout on 

comorbidities using the UK Biobank [20]. This case-control study identifies significant 

associations with six comorbidities: CKD, hypertension, diabetes, IHD, hyperlipidemia, and 

congestive heart failure, and highlights an SUA-independent relationship between gout and 

these conditions. Our study extends these findings by examining 36 chronic conditions. We 

replicated the associations with IHD, hypertension, CKD, and heart failure, confirming that 
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gout’s impact remains independent of SUA (Fig. 1, Table S8). Additionally, we reinforce the 

associations between SUA, gout, and a wider range of conditions, particularly two CMDs 

(stroke and diabetes), atrial fibrillation, and Parkinson’s disease, consistent with findings in 

other populations [8, 11, 21]. Our study observed that both SUA and gout were significantly 

associated with a protective effect on prevalent osteoporosis, which may be explained by the 

antioxidant properties of SUA [22, 23]. However, our findings differ from two recent studies, 

which reported that higher SUA levels and gout are associated with an increased risk of 

osteoporosis [23, 24]. Moreover, the effects of SUA and gout on conditions such as asthma, 

epilepsy, and migraine have not been reported in previous studies. Given these controversial 

and underexplored findings, well-designed, large-sample longitudinal studies and Mendelian 

randomization analyses are warranted to further validate these associations. 

 

CMM is one of the most replicable multimorbidity profiles and has attracted growing interest 

from researchers recently [2]. The adverse impacts of SUA and gout on incident CMDs are 

well-documented [11, 25, 26]. A study of Chinese adults found that SUA changes (i.e., keeping 

or rising to HUA) are associated with increased odds of cardiovascular diseases following 

diabetes (OR:1.67, 95% CI: 1.15-2.43) [15]. Consistent with these findings, our traditional Cox 

regression analyses also identified associations between SUA, gout, and increased risks of 

incident FCMD and CMM (Table S5). However, these analytical strategies have limitations. 

Focusing on a single stage of the CMM trajectory (e.g., CMD-free to CMM) may regard other 

outcomes (e.g., CMD-free to FCMD) as censored, overlooking the varying impacts of SUA 
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and gout across different stages [3]. Moreover, given the impact of SUA and gout on mortality 

[8, 27], individuals who died during follow-up may have had a higher risk of developing FCMD 

or CMM. Thus, studies that focus solely on FCMD or CMM may neglect the competing risk 

of mortality, potentially distorting the effects of SUA and gout on the CMM trajectory. 

 

To address these limitations, we employed a multi-state model that allows us to assess the 

effects of SUA and gout across all possible transitions in the CMM trajectory, while accounting 

for competing risks [3]. In the transition pattern A analysis, we found that both SUA and gout 

increased the risk of transitions from healthy to FCMD and subsequently to CMM (Fig. 2A-

C). Additionally, SUA and gout negatively influenced the transition from baseline to death, 

consistent with prior studies [8, 27]. However, no similar adverse effects of SUA and gout on 

mortality risk following FCMD or CMM were observed in our study. These findings partially 

align with previous studies that find no significant association between SUA and the prognosis 

(e.g., death) in stroke patients [28, 29]. Similarly, another cohort study supports our results, 

suggesting that gout does not influence the risk of death in T2D patients [30]. In contrast, a 

study in the US population showed that each 1mg/mL increment in SUA increases the mortality 

risk in T2D patients (HR: 1.07, 95% CI: 1.02-1.12) [31]. This discrepancy may be attributed 

to differences in population, sample size, and analytical methods. Further studies using multi-

state models are warranted to validate these findings across diverse and large populations. In 

conclusion, higher SUA levels and gout are independent risk factors for CMM progression. 

Incorporating SUA and gout into predictive models could enhance the accuracy of forecasting 
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CMM development and aid clinical decision-making. Early interventions to maintain SUA 

within physiological levels and manage gout may slow CMM progression, thereby reducing 

healthcare costs and economic burden. 

 

In the analyses of transition pattern B, SUA/gout exhibited differential effects across disease-

specific transitions (Fig. 3A-C). The most substantial impact was observed on T2D for the 

transition from baseline to FCMD. These findings partially align with a previous CKB study, 

which reported that the effects of SUA and gout on T2D are slightly more pronounced than on 

IHD and stroke [11]. Despite this, SUA and gout’s effects on CMM following T2D appeared 

minimal. Previous research also found that neither SUA nor gout increases cardiovascular 

disease risk in individuals with T2D [30, 32]. Additionally, our study revealed the strongest 

effect of SUA and gout in stroke patients for the transition from FCMD to CMM. Consistent 

with this, a prior study from New Zealand found that gout is linked to an increased likelihood 

of T2D among stroke patients [33]. This may be explained by chronic systemic inflammation 

following stroke, which heightens the risk of stroke-related comorbidities, including diabetes 

[34]. Given the interaction between SUA/gout and systemic inflammation in diabetes 

development [35], it is plausible that the combination of SUA/gout and post-stroke 

inflammation contributes to the progression to CMM. Overall, our study highlights disease-

specific transitions and underscores the potential for developing targeted prevention strategies 

for CMM, particularly by managing SUA levels and preventing gout in individuals at risk for 

T2D and stroke. 
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Sex-specific effects in our study largely mirror the overall population trend, with adverse 

outcomes more pronounced in females. These include a higher burden of chronic conditions, 

greater multimorbidity prevalence, and more rapid progression of CMM. With 0.4 million 

participants, our study further strengthens previous evidence that females are more vulnerable 

to the adverse effects of SUA/gout on various comorbidities [36], CMDs [16-18], and mortality 

[37, 38]. Leveraging long follow-up periods and a multi-state model, we present the first 

comprehensive analysis of sex-specific impacts across each independent transition in the CMM 

trajectory, a novel contribution. One potential mechanism may be attributed to inflammation, 

which has been demonstrated to play a pivotal role in the development of CMM [39, 40]. 

Inflammation itself exhibits significant sexual dimorphism, which may arise from both sex 

chromosome complement (i.e., XY or XX) and sex steroids (e.g., testosterone and estrogens) 

[41]. We speculate that elevated inflammation levels, mediated by X chromosome-linked genes 

and sex hormones, may contribute to the increased susceptibility of females to SUA- and gout-

associated CMM risk. Our findings highlight the urgent need for targeted interventions and 

tailored preventive strategies for SUA and gout in females, who are often underrepresented in 

clinical research. Addressing this gap is essential for reducing gender inequality in healthcare, 

alleviating disease burden, and improving health outcomes. 

 

Our study has several strengths. The primary advantage is the use of a multi-state model, which 

allows us to comprehensively assess the differential effects of SUA and gout within the CMM 
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trajectory, while mitigating the confounding influence of competing risks from death. 

Leveraging the large UK Biobank sample facilitates the analysis of disease- and sex-specific 

associations. Additionally, we investigate the effects of SUA and gout across 36 chronic 

conditions, providing broader insights into their roles. However, several limitations should be 

considered. Firstly, mean imputation and the missing-indicator method were used to handle 

missing data, which may introduce bias and potentially affect the results. More sophisticated 

approaches, such as multiple imputation, are recommended for future studies to address 

missing values more robustly. Secondly, although our study was conducted in a large cohort, 

gout is less prevalent in females than in males [42]. Additionally, incident CMM cases in 

females during follow-up were limited, which may have reduced statistical power for certain 

transitions, such as from CMM to death. These findings should be validated in a larger cohort 

with a sufficient number of female gout cases. Thirdly, in the analysis of transition pattern B, 

we excluded individuals diagnosed with two or more CMDs on the same day, as done in 

previous studies [3, 43]. However, this approach may introduce selection bias and potentially 

affect our results. In the sensitivity analysis, when we randomly selected one CMD to represent 

the earliest diagnosis for that day and re-analyzed the data, the results were consistent with 

those of the main analysis. Therefore, we consider these findings to be relatively robust. 

Furthermore, as an observational study, causal relationships cannot be inferred, necessitating 

further research, such as well-designed Mendelian randomization studies, to establish causality. 

Finally, although racial and ethnic disparities in multimorbidity are previously documented, 
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our study predominantly involved individuals of white British descent [1, 44], limiting the 

diversity of the sample and potentially affecting the generalizability of our findings. 

 

In conclusion, our study reveals a significant association between higher SUA levels, gout, and 

an increased risk of multiple chronic conditions, multimorbidity, and CMM progression, 

particularly in females. These findings underscore the importance of managing SUA levels and 

gout in clinical practice to prevent multimorbidity and slow CMM progression. Further 

research is needed to elucidate the underlying mechanisms and develop targeted interventions 

to improve patient outcomes across various CMM stages, especially in females. 

 

Methods 

Study design and participants 

The UK Biobank is a large-scale, nationwide prospective cohort study that enrolled over 

500,000 individuals aged 37 to 73 years from across the UK between 2006 and 2010. Data on 

sociodemographics, lifestyle, and health were collected through various methods, such as 

touchscreen questionnaires, interviews, and physical measurements. Biological samples 

(blood, urine, and saliva) were also collected. The study was approved by the North West 

Multicenter Research Ethics Committee (REC reference: 21/NW/0157), and written informed 

consent was provided by all participants. The UK Biobank has been conducted in accordance 

with ethical standards, the Declaration of Helsinki, and relevant national and international 

guidelines. Detailed information on the UK Biobank can be found in a prior publication [45]. 

Our research was conducted under project number 90369. 
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This study used cross-sectional and cohort analyses to examine the roles of SUA and gout. As 

shown in Figure S7, the initial cohort comprised 502,402 adults aged 37-73. After excluding 

33,473 participants missing SUA data, 468,929 individuals remained for the cross-sectional 

analysis of multimorbidity and 36 chronic conditions. Subsequently, 50,278 participants with 

baseline diagnoses of T2D (23,992), IHD (25,246), or stroke (8,210) were excluded, leaving 

418,651 individuals for the cohort analysis of CMM trajectory. 

 

Exposures 

SUA levels (field ID 30880) were measured using uricase PAP analysis on a Beckman Coulter 

AU5800. These SUA values were subsequently standardized to SD for further analysis. 

Baseline gout (ICD code M10) was defined based on the “first occurrence” (category ID 1712, 

field ID 131859 for gout), which integrated data from primary care records, hospital 

admissions, death registers, and self-reported medical conditions [46] (Table S11). 

 

Outcomes 

The UK Biobank collected self-reported medical data (field ID 20002), with diagnoses 

validated by healthcare professionals. In the cross-sectional analysis, 36 chronic conditions 

were included, and multimorbidity was defined as the presence of ≥ 2 conditions, as per 

previous research [47] (Table S12). For the cohort study, FCMD was defined as the first 

occurrence of any of three CMDs—T2D, IHD, or stroke—while CMM was defined as the co-

occurrence of ≥ 2 CMDs, consistent with previous studies. Specifically, IHD and stroke were 

defined using ICD codes I20-I25 and I60-I69, respectively, while T2D was categorized under 

both E11 and E14, as supported by previous studies [3, 43]. Additionally, incident cases of all-

cause death were ascertained through linkage to national death registries (Table S11). 
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Covariates 

We considered sex (male/female), age at recruitment (continuous), ethnic background (white 

British/non-white British), and the Townsend deprivation index (1st/2nd/3rd/4th/5th quintile) 

as potential covariates, based on prior knowledge [48]. Details of covariates used in the main 

and sensitivity analyses were provided in Table S11. 

 

Statistical analysis 

Baseline characteristics were described according to the type and distribution of each variable. 

Continuous variables with normal distribution were presented as means and SD. Categorical 

variables were described as numbers and percentages. Both cross-sectional and cohort analyses 

were adjusted for sex, age at recruitment, ethnic background, and the Townsend deprivation 

index. Missing data on the covariates were handled using mean imputation for continuous 

variables and missing indicators for categorical variables. Logistic regression models were 

employed in cross-sectional analyses to calculate the ORs and 95% CIs for the association 

between SUA, gout, multimorbidity, and 36 chronic conditions. SUA was standardized for 

model inclusion, while gout status (with/without gout) was treated as a categorical variable, 

with “without gout” as the reference group (the same as below). Quasi-Poisson mixed-effects 

models were employed to estimate the RR and 95% CI for the associations between SUA, gout, 

and the number of 36 chronic conditions [49]. For the cohort study, follow-up durations were 

calculated from the enrollment date to the occurrence of outcome events, death, loss to follow-

up, or censoring date (31 December 2021), whichever occurred first. Cox proportional hazards 

regression models were used to assess the HRs and 95% CIs, and the proportional hazards 

assumption was evaluated using Schoenfeld residuals.  
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Subsequently, a multi-state model was employed to assess the effects of SUA and gout on each 

transition phase of CMM progression and prognosis (i.e., from CMD-free to FCMD, CMM, 

and death). The multi-state model, an extension of the traditional Cox model, provides unique 

advantages by simultaneously evaluating certain factors’ effects on different phases of a 

process, while considering competing risks from death. Competing risks are naturally 

accounted for within the multi-state framework by explicitly defining all possible transitions 

between states (baseline, FCMD, CMM, death). For each transition, a transition-specific hazard 

is estimated, with the risk set for a given transition—such as from CMD-free to FCMD—

comprising only individuals currently in the origin state who have not yet experienced FCMD, 

CMM, or death [50, 51]. Based on the natural history of CMM and previous studies [3, 43], 

we developed a transition pattern comprising five stages (transition pattern A): 1) baseline to 

FCMD, 2) FCMD to CMM, 3) baseline to death, 4) FCMD to death, and 5) CMM to death 

(Fig. 2A). To establish the chronological order of events, we recalculated event dates for 

individuals who entered different events on the same day. Specifically, the entering date for 

the theoretically prior state (e.g., CMM) was set to 0.5 days before the entering date of the latter 

state (e.g., death). To thoroughly assess the impact of SUA and gout on the progression from 

baseline to various FCMDs, CMM, and death, we further classified FCMDs into T2D, IHD, 

and stroke, and developed transition pattern B, which includes 11 stages (Fig. 3A). As we could 

not determine the theoretical prior state among the three FCMDs, we excluded participants 

who entered different FCMDs on the same day (1,225), leaving 417,426 individuals for further 

analyses. 

 

To comprehensively assess the overall and sex-specific effects of SUA and gout, all analyses 

in both the cross-sectional and cohort studies were stratified by the overall population, females, 
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and males. Additionally, subgroup analyses in the cross-sectional study were further conducted 

based on age, ethnic background, and Townsend deprivation index. Interaction significance 

was evaluated using the likelihood ratio test [52]. 

 

Several sensitivity analyses were conducted to assess the robustness of the results from the 

cross-sectional study: (1) transforming SUA into quintiles and categorizing HUA status 

(with/without HUA); (2) using a restricted cubic spline method to examine dose-response 

relationships (Supplementary methods); (3) applying quasi-Poisson mixed-effects models; (4) 

adjusting for additional potential covariates; (5) further adjusting for SUA (continuous) in the 

gout analysis. 

 

In addition to the aforementioned methods, several sensitivity analyses were performed to 

assess the robustness of the results for transition pattern A: (1) excluding participants who 

transitioned to different states on the same date; (2) for those who transitioned on the same date, 

recalculating the entering date of the prior state using two additional time intervals (0.5 year 

and 1 year) instead of 0.5 day; (3) excluding events occurring within the first, second, and third 

years of follow-up; (4) further adjusting for SUA (continuous) and HUA (categorical) in the 

gout analysis. For transition pattern B, we also performed a sensitivity analysis. Specifically, 

for individuals diagnosed with two or more CMDs on the same day, instead of excluding these 

participants, we set a random seed and used the R function sample() to randomly select one 

CMD to represent the earliest diagnosis for that day. 

 

All analyses were performed using R (version 4.4.1). Multi-state models were constructed 

using the “mstate” package (https://CRAN.R-project.org/package=mstate). Additionally, the 

restricted cubic spline model with three knots (P10, P50, and P90) was implemented through 
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the “rms” package (version 6.7-1, https://CRAN.R-project.org/package = rms). Statistical tests 

were two-tailed, and significance was set at P < 0.05. 

 

Data Availability 

The data from the UK Biobank utilized in this research is accessible to authorized researchers 

worldwide via the UK Biobank research portal (https://www.ukbiobank.ac.uk/). 

 

Code Availability 

The codes employed in this study are available from the authors upon reasonable request. All 

analyses were conducted using publicly accessible software and packages. 
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Figure legends 

Figure 1. Associations between SUA, gout, and multimorbidity and 36 chronic conditions 

(N = 468,929). The heatmap displays ORs for multimorbidity and 36 chronic conditions 

associated with each SD increase in SUA levels (left panel) and gout (right panel). The model 

was adjusted for sex (male/female), age at recruitment (continuous), ethnic background (white 

British/non-white British), and the Townsend deprivation index (1st/2nd/3rd/4th/5th quintile). 

For sex-specific analyses, sex was not included in the model. Each panel, from right to left, 

presents results for the overall population, females, males, and interaction significance. Bubble 

color indicates the P value, while bubble size reflects the magnitude of ORs, with larger bubbles 

representing larger ORs. ***: P < 0.001, **: P < 0.01, *: P < 0.05. CI, confidence interval; OR, 

odds ratios; SD, standard deviation; SUA, serum uric acid. 

Figure 2. Associations between SUA, gout, and the trajectory of CMM (transition pattern 

A) (N = 418,651). (A) Numbers (percentages) of participants in transition pattern A from 

baseline to FCMD, CMM, and death. FCMD was defined as the first occurrence of any of the 

following three CMDs (type 2 diabetes, ischemic heart disease, and stroke). CMM was defined 

as the co-occurrence of at least two of the CMDs. HRs (95% CIs) for SUA and gout in the 

overall population (B) and by sex (C) for transition pattern A. For SUA analyses, associations 

are reported per standard deviation increase in SUA levels. The model was adjusted for sex 

(male/female), age at recruitment (continuous), ethnic background (white British/non-white 

British), and the Townsend deprivation index (1st/2nd/3rd/4th/5th quintile). For sex-specific 
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analyses, sex was not included in the model. CI, confidence interval; CMD, cardiometabolic 

diseases; CMM, cardiometabolic multimorbidity; FCMD, first cardiometabolic disease; HR, 

hazard ratio; NA, not available; SUA, serum uric acid. 

Figure 3. Associations between SUA, gout, and the trajectory of CMM (transition pattern 

B) (N = 417,426). (A) Numbers (percentages) of participants in transition pattern B from 

baseline to one of CMDs (type 2 diabetes, ischemic heart disease, and stroke), then to CMM, 

and finally death. CMM was defined as the co-occurrence of at least two of the CMDs. HRs 

(95% CIs) for SUA and gout in the overall population (B) and by sex (C) for transition pattern 

B. For SUA analyses, associations are reported per standard deviation increase in SUA levels. 

The model was adjusted for sex (male/female), age at recruitment (continuous), ethnic 

background (white British/non-white British), and the Townsend deprivation index 

(1st/2nd/3rd/4th/5th quintile). For sex-specific analyses, sex was not included in the model. CI, 

confidence interval; CMD, cardiometabolic diseases; CMM, cardiometabolic multimorbidity; 

FCMD, first cardiometabolic disease; HR, hazard ratio; IHD, ischemic heart disease; NA, not 

available; SUA, serum uric acid; T2D, type 2 diabetes. 
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Table 1. Baseline characteristics by multimorbidity status at recruitment (N = 468,929). 

Baseline characteristics Overall 

Without 

multimorbidity 

With 

multimorbidity 

Number 468,929 362,833 106,096 

Male, N (%) 

214,685 

(45.8) 

167,678 (46.2) 47,007 (44.3) 

Age, mean (SD), years 56.53 (8.09) 55.75 (8.12) 59.20 (7.39) 

Ethnicity, N (%)    

 White British 

413,981 

(88.3) 

320,001 (88.2) 93,980 (88.6) 

 Non-white British 52,742 (11.2) 41,175 (11.3) 11,567 (10.9) 

Missing 2,206 (0.5) 1,657 (0.5) 549 (0.5) 

Townsend deprivation index, N 

(%) 

   

 1st quintile (least deprived) 93,868 (20.0) 75,053 (20.7) 18,815 (17.7) 

 2nd quintile 93,819 (20.0) 74,141 (20.4) 19,678 (18.5) 

 3th quintile 93,682 (20.0) 73,455 (20.2) 20,227 (19.1) 

 4th quintile 93,776 (20.0) 72,186 (19.9) 21,590 (20.3) 

 5th quintile (most deprived) 93,784 (20.0) 67,998 (18.7) 25,786 (24.3) 

Drinking frequency, N (%)    

   Frequent 

324,326 

(69.2) 

259,570 (71.5) 64,756 (61.0) 
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Baseline characteristics Overall 

Without 

multimorbidity 

With 

multimorbidity 

   Infrequent 

105,944 

(22.6) 

77,499 (21.4) 28,445 (26.8) 

   Never 37,625 (8.0) 24,997 (6.9) 12,628 (11.9) 

   Missing 1,034 (0.2) 767 (0.2) 267 (0.3) 

Smoking status, N (%)    

   Never 

255,323 

(54.4) 

204,034 (56.2) 51,289 (48.3) 

   Previous 

162,006 

(34.5) 

119,280 (32.9) 42,726 (40.3) 

   Current 49,221 (10.5) 37,815 (10.4) 11,406 (10.8) 

   Missing 2,379 (0.5) 1,704 (0.5) 675 (0.6) 

Education, N (%)    

   College or above 

151,865 

(32.4) 

123,888 (34.1) 27,977 (26.4) 

   High school 

231,506 

(49.4) 

180,511 (49.8) 50,995 (48.1) 

   Less than high school 79,964 (17.1) 54,395 (15.0) 25,569 (24.1) 

   Missing 5,594 (1.2) 4,039 (1.1) 1,555 (1.5) 

Body mass index, N (%)    

   <25.0 Kg/m2 

154,541 

(33.0) 

129,880 (35.8) 24,661 (23.2) 

   25-29.9 Kg/m2 

200,628 

(42.8) 

157,722 (43.5) 42,906 (40.4) 

   ≥30.0 Kg/m2 

113,760 

(24.3) 

75,231 (20.7) 38,529 (36.3) 
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Baseline characteristics Overall 

Without 

multimorbidity 

With 

multimorbidity 

Urate, mean (SD), μmmol/L 

309.21 

(80.43) 

305.59 (78.44) 321.59 (85.77) 

Gout at baseline, N (%) 9,945 (2.1) 6,138 (1.7) 3,807 (3.6) 

Note: Categorical data presented as number (percentages) and continuous data presented as mean (standard 

deviation). SD, standard deviation. 

Table 2. Baseline characteristics by incident disease status during follow-up (N = 

418,651). 

 
CMD 

free 

FCMD 

survivor 

CMM 

survivo

r 

Dead 

without 

CMD 

Dead with 

FCMD 

Dead with 

CMM 

Number 349,799 38,162 4,811 16,810 7,497 1,572 

Male, N (%) 

144,399 

(41.3) 

21,154 

(55.4) 

2,884 

(59.9) 

8,531 (50.7) 

4,647 

(62.0) 

1,001 

(63.7) 

Age, mean (SD), 

years 

55.29 

(8.07) 

58.88 

(7.35) 

60.22 

(6.90) 

60.74 (6.78) 

61.86 

(6.31) 

62.77 

(5.79) 

Ethnicity, N (%)       

 White British 

309,677 

(88.5) 

33,426 

(87.6) 

4,100 

(85.2) 

15,412 

(91.7) 

6,795 

(90.6) 

1,375 

(87.5) 

 Non-white British 

38,649 

(11.0) 

4,518 

(11.8) 

672 

(14.0) 

1,316 (7.8) 665 (8.9) 183 (11.6) 

Missing 

1,473 

(0.4) 

218 (0.6) 39 (0.8) 82 (0.5) 37 (0.5) 14 (0.9) 
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CMD 

free 

FCMD 

survivor 

CMM 

survivo

r 

Dead 

without 

CMD 

Dead with 

FCMD 

Dead with 

CMM 

Townsend 

deprivation index, N 

(%) 

      

 1st quintile (least 

deprived) 

73,278 

(20.9) 

7,202 

(18.9) 

767 

(15.9) 

3,243 (19.3) 

1,284 

(17.1) 

246 (15.6) 

 2nd quintile 

72,020 

(20.6) 

7,337 

(19.2) 

840 

(17.5) 

3,315 (19.7) 

1,292 

(17.2) 

261 (16.6) 

 3th quintile 

71,002 

(20.3) 

7,503 

(19.7) 

925 

(19.2) 

3,213 (19.1) 

1,434 

(19.1) 

287 (18.3) 

 4th quintile 

69,713 

(19.9) 

7,681 

(20.1) 

933 

(19.4) 

3,307 (19.7) 

1,532 

(20.4) 

334 (21.2) 

 5th quintile (most 

deprived) 

63,786 

(18.2) 

8,439 

(22.1) 

1,346 

(28.0) 

3,732 (22.2) 

1,955 

(26.1) 

444 (28.2) 

Drinking frequency, 

N (%) 

      

   Frequent 

248,891 

(71.2) 

25,123 

(65.8) 

2,877 

(59.8) 

11,561 

(68.8) 

5,038 

(67.2) 

1,001 

(63.7) 

   Infrequent 

76,354 

(21.8) 

9,275 

(24.3) 

1,299 

(27.0) 

3,691 (22.0) 

1,638 

(21.8) 

362 (23.0) 

   Never 

23,920 

(6.8) 

3,645 

(9.6) 

621 

(12.9) 

1,521 (9.0) 793 (10.6) 200 (12.7) 

   Missing 

634 

(0.2) 

119 (0.3) 14 (0.3) 37 (0.2) 28 (0.4) 9 (0.6) 
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CMD 

free 

FCMD 

survivor 

CMM 

survivo

r 

Dead 

without 

CMD 

Dead with 

FCMD 

Dead with 

CMM 

Smoking status, N 

(%) 

      

   Never 

202,304 

(57.8) 

18,885 

(49.5) 

2,161 

(44.9) 

7,245 (43.1) 

2,932 

(39.1) 

538 (34.2) 

   Previous 

113,428 

(32.4) 

14,183 

(37.2) 

1,856 

(38.6) 

6,479 (38.5) 

2,907 

(38.8) 

661 (42.0) 

   Current 

32,630 

(9.3) 

4,859 

(12.7) 

760 

(15.8) 

2,966 (17.6) 

1,590 

(21.2) 

352 (22.4) 

   Missing 

1,437 

(0.4) 

235 (0.6) 34 (0.7) 120 (0.7) 68 (0.9) 21 (1.3) 

Education, N (%)       

   College or above 

123,112 

(35.2) 

9,969 

(26.1) 

1,038 

(21.6) 

4,495 (26.7) 

1,760 

(23.5) 

307 (19.5) 

   High school 

175,173 

(50.1) 

18,984 

(49.7) 

2,231 

(46.4) 

7,858 (46.7) 

3,317 

(44.2) 

642 (40.8) 

   Less than high 

school 

47,994 

(13.7) 

8,609 

(22.6) 

1,445 

(30.0) 

4,234 (25.2) 

2,285 

(30.5) 

590 (37.5) 

   Missing 

3,520 

(1.0) 

600 (1.6) 97 (2.0) 223 (1.3) 135 (1.8) 33 (2.1) 

Body mass index, N 

(%) 

      

   <25.0 Kg/m2 

129,252 

(37.0) 

8,390 

(22.0) 

761 

(15.8) 

5,682 (33.8) 

2,035 

(27.1) 

319 (20.3) 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      

 
CMD 

free 

FCMD 

survivor 

CMM 

survivo

r 

Dead 

without 

CMD 

Dead with 

FCMD 

Dead with 

CMM 

   25-29.9 Kg/m2 

150,424 

(43.0) 

16,660 

(43.7) 

2,002 

(41.6) 

7,188 (42.8) 

3,272 

(43.6) 

618 (39.3) 

   ≥30.0 Kg/m2 

70,123 

(20.0) 

13,112 

(34.4) 

2,048 

(42.6) 

3,940 (23.4) 

2,190 

(29.2) 

635 (40.4) 

Urate, mean (SD), 

μmmol/L 

300.99 

(77.48) 

332.16 

(80.94) 

344.64 

(82.10) 

316.91 

(81.38) 

334.24 

(85.31) 

353.24 

(89.03) 

Gout at baseline, N 

(%) 

5,087 

(1.5) 

1,207 

(3.2) 

213 

(4.4) 

429 (2.6) 290 (3.9) 73 (4.6) 

Note: Categorical data presented as number (percentages) and continuous data presented as mean (standard 

deviation). CMD, cardiometabolic disease; CMM, cardiometabolic multimorbidity; FCMD, first cardiometabolic 

disease; SD, standard deviation. 
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