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Abstract

Background In humans, uric acid is a product of purine metabolism that impacts the vascular system. In addition
to effects on arterial vascular tone, associations between serum uric acid concentrations—even in the physiological
range—and arterial hypertension and vascular-mediated end-organ damage due to an impact on vascular stiffness
have been postulated.

Methods Therefore, we aim to investigate a possible cross-sectional association between serum uric acid concentra-
tions in the physiological range and differences in arterial pulse wave velocity (PWV), an indicator of vascular remod-
eling, with a focus on possible differences between female and male individuals. We analyzed cross-sectional pheno-
typic and laboratory parameters, including PWV from 70,649 individuals in the population-based German National
Cohort (NAKO) in a sex-specific manner. In parallel, we applied a machine learning approach to identify and quantify
factors associated with PWV in a hypothesis-free manner.

Results Our analysis uncovered a positive association between serum uric and PWV which was detected even

if only individuals with urate values in the physiological range were included (n=64,095). This correlation was more
pronounced in women than in men. In multivariable linear regression models, we observed an association of uric

acid (mmol/l) with PWV (m/s) of B=1.12 (95% confidence interval (Cl): 0.78; 1.45) in males and 8=1.35 (1.05; 1.66)

in females, independent of other factors known to affect vascular stiffness. In addition, the machine learning approach
identified uric acid as a major factor associated with PWV. The positive association was not restricted to hyperuricemia
but evident even in the physiological concentration range. Based on the data from studies on the impact of aging

on PWV, it is estimated that an increase in serum uric acid concentration by 0.1 mmol/l corresponds to an increase

of approx. 7 years of age in females and of 4 years in males.

Conclusions Already in the physiological concentration range, uric acid is positively associated with parameters
of arterial stiffness. This association is more pronounced in females as compared to males. This finding provides
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a mechanistic explanation for the increased risk of vascular end-organ damage associated with higher serum uric acid
concentrations and supports the observed greater benefit of therapeutic uric acid lowering in female. Future inter-
vention studies have to address the mechanistic causality of the observed effect.

Keywords Urate, Vascular stiffness, Vascular damage, Pulse wave velocity, Hyperuricemia, Female health

Background

Cardiovascular diseases are a still growing clinical
and public health problem, with established risk fac-
tors but also additional influencing factors that are
poorly understood, like uric acid. Unlike in many other
mammals, in humans, uric acid is the final product of
endogenous and dietary purine metabolism due to an
evolutionary loss of uricase activity. As a weak acid, the
majority of uric acid circulates in the blood as urate.
When the solubility limit of around 360-420 pmol/l
[1-3] is exceeded, urate crystals may form and precipi-
tate. It is estimated that ~700 mg urate per day have
to be excreted by adults, mainly by the kidneys, to
maintain the steady-state concentrations [1]. Of note,
500 to 600 mg per day are produced endogenously pre-
dominantly in the liver and to a minor part in the small
intestine. A crucial metabolic step during urate forma-
tion is mediated by xanthine oxidase at the end of the
purine pathway [4]. Diet can enhance the urate load by
either direct uptake of nucleotides or enhanced inges-
tion of fructose that enhances adenosine monophos-
phate formation [1].

Physiological uric acid concentrations have been
assessed in individuals without evidence of gout to
range between 210 and 420 pmol/l in adult males and
postmenopausal women and between 160 and 360
pumol/l in premenopausal women [5]. However, the
meaning of these cut-offs is under continuous debates,
as there is evidence that uric acid might play a patho-
physiological role in cardiovascular and renal disorders
even in concentrations lying within the physiological
range. It has been suggested that an upper threshold
value of 360 umol/l should be considered for all indi-
viduals [5].

In human kidney, urate is freely filtered in the glo-
meruli but reabsorbed to more than 90% in the proxi-
mal tubule [6], mainly by the apical transporter URAT1
[1, 6-8]. In parallel, urate is also secreted into the prox-
imal tubule, leading to a fractional excretion of ~10%.
URAT1 is an important determinant of reabsorption
and is the target of uricosuric drugs such as probene-
cid [7, 8]. Long-term treatment with diuretics at higher
doses can reduce urate excretion, either by enhanced
reabsorption in the proximal tubule or competition
for secretory mechanisms in proximal tubule cells [9].
Hyperuricemia results in more than 90% of the cases

from an inappropriate renal excretion [1, 2, 10], defined
as the shift towards higher steady-state serum uric acid
concentrations when handling the daily incoming urate
[11].

Uric acid was initially considered a waste product [1],
but several studies showed that it may exert beneficial
biological effects. Uric acid has been reported to act
either as antioxidant or as pro-oxidant and contributes
substantially to the antioxidant capacity of human serum
[12]. Furthermore, it can prevent protein nitrosylation,
lipid peroxidation, or tetrahydrobiopterin inactivation
[6]. On the other hand, uric acid can promote sodium
retention and high blood pressure [13], an advantage
during an evolutionary period in which sodium was
scarce [14, 15]. Also, it has been reported to contrib-
ute to the development of insulin resistance and obesity
[16-18]. Finally, even beneficial cognitive effects and
strengthening of immune functions have been proposed
[19-22]. These evolutionary advantageous actions of uric
acid are contrasted by data suggesting pathophysiological
effects, most prominently gout, but also cardiovascular,
renal, and metabolic dysfunctions [2, 23]. Thus, uric acid
cannot be regarded simply as harmful or beneficial. There
seems to be a collision between its evolutionary func-
tion and its additional impact on human physiology due
to socioeconomic wealth with the dramatically altered
availability of, e.g., salt and meat in modern times. These
marked transition adjustments led to increased physi-
ological serum uric acid levels and could represent a non-
beneficial adaptation [15].

Epidemiological studies have reported relations
between serum uric acid levels and cardiovascular risk
factors, as reviewed by Feig et al. [24—28]. Hyperurice-
mia is associated with an increased risk of hypertension,
independent of other risk factors, an effect which was
found to be more pronounced in women than in men
[29, 30]. Treatment of hypertensive adolescents with
uricosurica was reported to be associated with a reduc-
tion of blood pressure [31]. Pathologically elevated uric
acid concentrations are also associated with the meta-
bolic syndrome [32] and elevated urate levels have been
reported to precede insulin resistance [33, 34] and obe-
sity [35]. High levels of serum uric acid were suggested as
an independent risk factor for developing type 2 diabetes
[36, 37]. However, it is unclear whether this association is
causal [38]. Pathophysiologically, hyperuricemia-induced
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endothelial dysfunction seems to play an important role
[23, 24]. Regarding uric acid levels and cardiovascular
mortality, there is a relationship that is more pronounced
in women compared to men [39]. Also, the mortality due
to ischemic heart disease is five times higher in women
with serum uric acid >420 pmol/l compared to women
with values <240 pmol/l, whereas there was no difference
in the risk ratio for men [40]. Recently, a large cohort
study reported the association of gout (crystal arthropa-
thy due to hyperuricemia) with 12 cardiovascular dis-
eases and a greater risk for women than for men [41]. The
importance of uric acid, even in the “normal” concentra-
tion range, as a cardiovascular risk factor is highlighted
by several other studies [42-48]. Additionally, the uric
acid levels may be a modifiable risk factor and pharmaco-
logical lowering of uric acid concentrations may reduce
the risk of cardiovascular events [49-52].

Many studies show that a person’s sex can influence
their risk of disease and subsequent outcome when it
comes to, e.g., cardiovascular conditions, making the
need and demand obvious to include females and males
in pathophysiological and clinical investigations [53].
Therefore, we put a special focus on the comparison of
data from female and male individuals. The correlation of
the arterial pulse wave velocity (as a measure of vascular
stiffness) and the actual serum urate concentration was
analyzed for females and males separately.

Although several studies about uric acid as a cardio-
vascular risk factor already exist, the results are not con-
clusive and often neglect the effect of uric acid levels in
the normal range. Additionally, sex differences are rarely
explored. The aim of the present study is to analyze the
relationship of physiological serum uric acid concentra-
tions with vascular stiffness as an indicator of vascular
remodeling in human females and males from the general
population, independent of blood pressure. Such a rela-
tionship could close the knowledge gap in understand-
ing mechanisms linking the described impact of urate on
vascular cells and the epidemiological evidence for urate
as risk factor for vascular end-organ damage.

In parallel, we applied a machine learning (random for-
est, RF) approach in the sense of a plausibility and sen-
sitivity analysis. The classic selection of variables for the
linear regression model was nevertheless made based on
preliminary considerations about possible confounders.
Therefore, the RF analysis does not represent the main
result of this study.

Methods

Study sample

The German National Cohort (NAKO) is a prospective,
population-based cohort study in which 205,415 par-
ticipants aged 19-74 in 18 study centers were recruited
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between 2014 and 2019. Random samples were drawn in
the study regions via the residents’ registration offices.
The inclusion criteria were age 19—69 at the time of sam-
pling and a main residence in the study region. Only
people who were unable to come to the study center and
people who did not have sufficient knowledge of Ger-
man language were excluded. In such cases, participation
was only possible if a translator was available for study
information, explanation, consent form, and explanation
of the study modules. Recruitment was stratified by age
and sex, whereby the older age groups (> 40 years) were
oversampled.

NAKO aims to investigate the development and etiol-
ogy of diseases, and to identify risk factors and enhance
early detection and prevention of diseases with a focus on
diabetes, cancer, cardiovascular, pulmonary, neurological,
psychiatric, and infectious diseases. All participants gave
their written informed consent. The responsible ethics
committees approved the study [54, 55]. For the present
analyses, data from the first 101,556 participants who had
completed the baseline examination (data-freeze 100k)
were available with the necessary quality control (Addi-
tional file 1: Fig. SO1).

Data collection and handling

General information regarding the NAKO study design
and methods are described elsewhere [54, 55]. In brief,
during baseline examination, participants were exam-
ined intensively, including a face-to-face interview, self-
administered, computer-based questionnaires, broad
biomedical examinations (e.g., measurement of blood
pressure, grip strength, spirometry, anthropometric
measures, vascular status), and provision of bio-samples
(i.a., blood, urine). A 20% random sample underwent
extended examinations such as additional imaging (e.g.,
ultrasonography for abdominal fat).

PWYV determination

Arterial pulse wave velocity (PWV) was recorded and
calculated by Vascular Explorer (Enverdis GmbH, Jena,
Germany) [56]. Subjects were placed in a supine position
for at least 10 min before starting the assessment. Pulse
wave analysis as well as ankle and brachial blood pressure
was automatically calculated by the software based on
the photoplethysmographic signal from the fingers and
toes and the pressure changes in the cuffs. All subjects
were asked to avoid speaking and encouraged to breathe
calmly during the measurements. For our analysis, we
used the parameter pwv_ba(2) =(La —Lb)/PTT (m/s).
PTT =pulse transit time; La =jugular to ankle cuff dis-
tance; Lb =jugular to brachial cuff distance.
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Relevant measurement procedures

Serum urate levels were photometric measurements on
different platforms, depending on the commissioned lab-
oratory by the local study center (Dimension Vista 1500
(Siemens Healthineers, Erlangen, Germany), Advia 2400
(Siemens Healthineers, Erlangen, Germany), AU5822
(Beckman Coulter, Brea, USA), AU680 (Beckman Coul-
ter, Brea, USA), DxC 800 (Beckman Coulter, Brea, USA),
Cobas 8000 (Roche Diagnostics, Rotkreuz, Switzerland),
Cobas c502 (Roche Diagnostics, Rotkreuz, Switzerland),
Cobas c701 (Roche Diagnostics, Rotkreuz, Switzerland)).
Plasma levels of HbAlc and serum levels of HDL choles-
terol, LDL cholesterol, and creatinine were measured by
certified standard techniques in the central laboratories
of the hospitals participating in NAKO or in laboratories
commissioned by the study centers.

Body mass index (BMI) was calculated as weight (kg)
divided by height in meters squared (m?), whereby height
and weight were measured with the Seca stadiometer
274 (Seca, Hamburg, Germany). The blood pressure
was measured oscillometrically twice on the right arm
with the OMRON HEM-705CP device (Omron, Kyoto,
Japan) after a 5-min rest period. The second measure-
ment was used for the analysis. Smoking history, alco-
hol intake, and physical activity were collected as part of
the standardized touchscreen-based survey. The intake
of medication was recorded in a face-to-face interview.
All medications taken in the last 7 days were registered
using special software. Participants who had taken medi-
cation of the ATC classes C02, C03, C07, C08, and C09
in the last 7 days were classified as anti-hypertensive
drug users. This includes also all kinds of diuretics (ATC
code C03) which may affect blood pressure but also urate
excretion. Since lipid metabolism can also affect vascular
stiffness, taking of lipid-lowering drugs (ATC code C10)
was also documented. Finally, urate-lowering drugs (ATC
code M04) (which includes uricostatics and uricosurics)
were also included in the analyses.

Statistical analysis

Linear models

In a multiple linear regression model, we also included
several other variables known to be associated with
vascular remodeling and urate concentration. The dis-
tribution of all variables in the study sample [57] was
described by adequate parameters as recommended
(continuous variables: mean, median, standard devia-
tion, range; qualitative variables: frequency distribution).
The association between the arterial pulse wave velocity
(outcome variable/dependent variable) and a set of the
independent variables (serum urate, sex, age, body mass
index, smoking history, alcohol intake, HbAlc, HDL
cholesterol, LDL cholesterol, serum creatinine, physical
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activity, systolic blood pressure, and treatment with anti-
hypertensive drug (including diuretics), with lipid-lower-
ing or urate-lowering drugs) was analyzed by a multiple
linear regression model. From the complete number of
individuals in the NAKO 100k data freeze (n= 101,556),
the regression analysis was performed for all individu-
als with the complete dataset concerning the analyzed
variables (n= 70,649). The reduction of the number of
complete samples was mostly due to missing values of
the PWV (Vascular Explorer’ measurements; ~ 11,000
missings), of the LDL cholesterol (~ 10,000 missings),
HDL cholesterol, HbA1lc, and alcohol intake (each ~ 6000
missings). In addition, the analysis was performed sepa-
rately for female and male participants as well as for par-
ticipants with normal serum urate levels (male: ]180, 420]
pumol/]; female: 1140, 360] umol/l).

The information on sex is numerically coded with 1=
male, 2= female and the regression is calculated using
this numerical information. Thus, if the regression coef-
ficient for PWYV is negative, it means that women (“2”)
have a smaller PWYV than men (“17”).

To analyze interaction of independent variables also
models with interaction terms (e.g., sex and urate level)
were calculated. The results of the regression analyses
were expressed by the regression coefficients 5 with their
confidence interval and the respective p value.

Non-linear models (machine learning)

In order to assess the relative importance of a wide range
of independent variables with PWV, allowing for non-lin-
ear associations and possibly interactions, we applied the
random forest algorithm [58] to build a non-linear high-
dimensional regression model for PWV using the “ran-
domForest” package in R, version 4.7-1.1, which provides
a built-in feature importance assessment (https://cran.r-
project.org/web/packages/randomForest/index.html).

This approach differs from the linear analysis (see pre-
vious section) because random forests are non-linear
by definition and the regression achieved is accordingly
non-linear. Note that the assumption of linear models is
an additional outcome of our analysis—but not an a pri-
ori condition. It is not unusual to initially assume a non-
linear relationship before narrowing the focus to a linear
model.

In preparation for this task, several data preprocessing
steps were undertaken. Firstly, observations with miss-
ing values in the target variable (PWV) were excluded
(n= 11,269). Next, variables with more than 5000 miss-
ing entries (approximately 5% of samples) were removed
(see Additional file 2) to eliminate features with excessive
missing data that could introduce bias or noise. Also vari-
ables which are directly strongly correlated with parame-
ter in the model were removed (e.g., therapy for a specific
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disease and existence of the disease itself). For this rea-
son, all variables obtained using the Vascular Explorer",
except PWV (see Additional file 2), were removed to
avoid implicit redundancy. Variables containing non-rel-
evant information, such as study center site and metadata
for measurement values (like the used platform), were
also removed to eliminate potential noise or redundancy.
A final step removed any remaining observations with
missing values in the remaining variables. The resulting
dataset consisted of 38 variables (Additional file 2: Tables
S01 and S02) and 74,495 observations, providing a clean
training dataset.

For reliable model evaluation of the random forest
training, we adopted a tenfold cross-validation (CV)
training. Each of the ten models was trained with 500
decision trees, aggregating individual outputs for stable
predictions. At each split, 22 variables were randomly
sampled as candidates, promoting tree diversity and
capturing different data aspects. Terminal nodes grew
without pruning, with a minimum size of 1 observa-
tion. Cases were sampled with replacement (bootstrap-
ping) to grow each tree. The full training data was used
to grow each tree. Equal priors were assigned to classes in
the classification task. Feature importance results of this
CV training scheme are reported by mean and standard
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deviation; for results of individual folds see Additional
file 2: Fig. S02 and Table S02.

All calculations were performed with SPSS Ver. 28
(IBM, Armonk, NY, USA) and in R, version 4.7-1.1.

Ethics approval

The study was approved by the responsible local ethics
committees of the German Federal States where all study
centers were located (Bayerische Landesiarztekammer
(protocol code 13,023, Approval Date: 27 March 2013
and 14 February 2014 (rectification of documents, study
protocol, consent form, etc.)).

Results
The basic descriptive parameters of the study population
(age and sex distribution) are shown in Table 1.

Association of PWV with serum uric acid

Figure 1 shows the distribution of arterial pulse wave
velocity (PWV) in the total study sample (upper panel)
and separately for female and male adults (lower panel).
As expected, the distribution is shifted to slightly higher
values for male as compared to female adults. Overall,
the values obtained with the Vascular Explorer " [56]

Table 1 Linear regression analyses relating serum urate concentrations (exposure variable) to pulse wave velocity (outcome
variable), adjusting for relevant confounders (whole study sample, n= 70,649; complete model: r = 0.524). SD standard deviation, /QR

interquartile range

Variable Mean £SD Median (IQR) Regression coefficient (confidence p value
interval)

Arterial pulse wave velocity (m/s) 10.72 £1.97 10.5(9.3-11.9)

Serum urate (umol/l) 286 +80 279 (227-338) 0.0012 (0.0010; 0.0013) < 0.001

Sex (male, female) Male: 47.1% —0.132 (- 0.160; —0.103) < 0.001
Female: 52.9%

Age (years) 5144124 53 (44-62) 0.072 (0.071; 0.073) < 0.001

BMI (kg/m?) 266+4.8 259(23.1-29.1) —0.033 (- 0.035; —0.030) < 0.001

Smoking (never, past, present) Never: 45.6% Past: —0.083 (— 0.106; —0.059) <0.001
Past: 33.9% Present: —0.104 (~ 0.132; —0.077) <0001

Present: 20.5%

Alcohol intake (g/day) 108+16.8 4.67 (1.293-13.395) 0.0024 (0.0018; 0.0031) < 0.001
HbA1c (mmol/mol) 36.7 £6.5 36 (33-39) 0.018(0.016;0.02) < 0.001
HDL cholesterol (mmol/l) 156 +0.44 1.5(1.24-1.82) —0.061 (- 0.089; —0.033) <0.001
LDL cholesterol (mmol/l) 3.36+£0.92 331(271-3.94) 0.045 (0.033; 0.057) < 0.001
Serum creatinine (umol/l) 727 £159 71(62-81) —0.002 (- 0.002; —0.001) <0.001
Physical activity (MET-min/week) 7657 £9541 4080 (1600-10,080) 617107 (— 4441077;1.68-107%) 0.255
Systolic blood pressure (mmHg) 128.7 £16.7 127 (117-139) 0.045 (0.045; 0.046) <0.001
Anti-hypertensive drugs (yes/no) Yes: 26.1% 0.128 (0.100; 0.155) < 0.001
No: 73.9%
Lipid-lowering drugs (yes/no) Yes: 9.4% 0.055 (0.016; 0.093) 0.006
No: 90.6%
Urate-lowering drugs (yes/no) Yes: 2.3% 0.290 (0.220;0.361) <0.001

No: 97.7%
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Fig. 1 Frequency distribution of the arterial pulse wave velocity in the study population and stratified by sex

are in the expected range for the general adult popula-
tion [59, 60].

Table 1 summarizes the descriptive statistics and
the regression analysis for PWV with serum uric acid
concentration and the other above named independ-
ent variables for the entire study sample. An initial
scatter plot analysis showed no indication for a devia-
tion from linearity. The machine learning approach
(see"Methods"section) supported this. There is a posi-
tive association of serum urate with PWV as dependent
variable even after adjustment for confounding vari-
ables. The distribution of the standardized residuals of
this model is shown in Additional file 1: Fig. SO03 and
fulfills the assumption of a normal distribution. We also
checked the regression model for any multicollinearity

within the variables by calculating the variance infla-
tion factor (VIF). The value of this factor laid between
1.013 and 1.952 for all model variables, indicating that
collinearity seems to play only a minor role in the actual
analysis. Similar low VIF values were found for all other
regression models calculated in this study.

The same analysis was performed for different age
groups (< 31 years, 31-50 years, >50 years). The results
(Additional file 1: Tables S03a—S03c) clearly show in all
age groups a strong impact of the serum urate level on
the arterial pulse wave velocity, indicating that the role of
urate for vascular stiffness seems to be not the result of
increasing age. Not surprisingly for some other variables
(e.g., anti-hypertensive medication or smoking history)
the impact on PWYV was age-group-dependent.
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Positive association of serum uric acid with PWV
in the physiological concentration range
Next, we repeated the analyses, restricting the sample
to those study participants with serum uric acid values
in the “normal” concentration range (male: ]180, 420]
umol/l; female: ]140, 360] pmol/l) used by most labora-
tories [5] and obtained almost the same effect estimate
for serum urate as in the overall sample (Table 2), indi-
cating that the association between serum uric acid and
PWYV persists. Thus, the association of uric acid is not
restricted to hyperuricemia.

The sub-group analysis showed the same effect of urate
on PWYV in individuals with “normal” concentration in all
age groups (Additional file 1: Tables S04a—S04c).

Sex-dependent positive association of serum uric acid

with PWV arterial stiffness

Tables 3 and 4 show the results of the regression analy-
sis separately for female and male adults including either
all participants or only the ones with “normal” serum
uric acid levels. The slope of the regression is steeper
for female adults compared to male adults. To analyze
whether sex indeed leads to differences in the relation
between serum urate level and pulse wave velocity, an
additional regression model was calculated in which an
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interaction term of sex and urate level was included. The
results showed a highly significant (p< 0.001) impact of
this interaction with PWV which indicates that the dif-
ferent slopes of urate level and PWV between males and
females are statistically significant.

The differences in the regression coefficients in Table 4
reflect the conclusion of the interaction term of sex and
urate level, showing a significant impact of this interac-
tion. Thus, the results indicate that the different slopes of
urate level and PWV are statistically significant and that
the impact of urate on vascular stiffness is stronger for
female adults in the “normal” serum concentration range.

Figure 2 compares directly the dependency of PWV
and serum urate for female and male adults.

Quantification of feature importance by machine learning

Figure 3 shows the feature importance of the 38 vari-
ables used to predict PWV measured by the percent
increase (%IncMSE) of mean squared error (MSE)
resulting from training random forests in a tenfold
cross-validation (CV) scheme; a larger value indicates
stronger relevance for predicting PWYV. Concerning
redundancy, systolic and diastolic blood pressure are
influenced physiologically to varying degrees by dif-
ferent hemodynamic, cardiac, and vascular factors

Table 2 Linear regression analyses relating serum urate concentrations (exposure variable) to pulse wave velocity (outcome variable),
adjusting for relevant confounders restricted to individuals with normal serum urate levels (male: 1180, 420] umol/I; female: 1140, 360]
umol/l), n= 64,095; complete model: »= 0.526. SD standard deviation, IQR interquartile range

Variable Mean +SD Median (IQR) Regression coefficient (confidence p value
interval)

Arterial pulse wave velocity (m/s) 1067 £1.97 104 (9.3-11.8)

Serum urate (umol/l) 276 +64 273 (226-324) 0.0012 (0.0009; 0.0014) <0.001

Sex (male, female) Male: 46.0% Female: 54.0% —0.112(=0.143; —0.082) <0.001

Age (years) 510124 52 (44-61) 0.071(0.070;0.072) < 0.001

BMI (kg/m?) 263 +46 25.6(23-28.8) —0.033 (- 0.036; —0.031) <0.001

Smoking (never, past, actual) Never: 46.2% Past: —0.088 (= 0.112; —0.063) <0.001
Past: 33.19% Actual: —0.094 (- 0.123; — 0.066) <0001
Actual: 20.7%

Alcohol intake (g/day) 104 +16.2 4.596 (1.284-12.871) 0.002 (0.0013;0.0027) <0.001

HbA1c (mmol/mol) 366=+63 36 (33-39) 0.019(0.017;0.021) < 0.001

HDL cholesterol (mmol/l) 157 +044 1.52(1.26-1.84) —0.066 (- 0.096; —0.037) < 0.001

LDL cholesterol (mmol/l) 3354091 3.29(2.7-3.92) 0.046 (0.033; 0.059) <0.001

Serum creatinine (umol/I) 7191146 71 (62-80) —0.001 (= 0.002; —0.001) < 0.001

Physical activity (MET-min/week) 7623 +9521 4080 (1600-10,080) 424107 (- 6.84107;1.53-1079) 0453

Systolic blood pressure (mmHg) 1284 +16.6 127 (117-138) 0.046 (0.045; 0.046) <0.001

Anti-hypertensive drugs (yes/no) Yes: 23.8% 0.138(0.11;0.167) < 0.001
No: 76.2%

Lipid-lowering drugs (yes/no) Yes: 8.8% 0.081 (0.04;0.123) <0.001
No: 91.2%

Urate-lowering drugs (yes/no) Yes: 2.1% 0.280 (0.204; 0.357) <0.001

No: 97.9%
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Table 3 Regression analysis; female population, n= 37,380; complete model: = 0.552; male population, n= 33,269; complete model:
r’=0.468. SD standard deviation, QR interquartile range

Variable Female Male
Mean +SD Median (IQR) b (95%Cl) pvalue Mean £SD Median (IQR) b (95%ClI) p value

Arterial pulse 1040 +£1.92 10.1 (9.0-11.5) 11.08 £1.98 10.8 (9.7-12.2)

wave velocity

(m/s)

Serum urate 245 +64 238 (201-280) 0.0012 (0.0010; <0.001 332+70 327 (284-375) 0.0012 (0.0009; < 0.001

(umol/1) 0.0015) 0.0014)

Age (years) 509+124 52 (44-61) 0.068 (0.067; <0.001 520+124 53 (45-62) 0.075 (0.073; < 0.001
0.070) 0.076)

BMI (kg/mz) 259+5.1 24.8 (22.2-28.6) —0.042 (- 0.045; <0.001 273+43 26.7 (24.4-29.6) —0.019 (- 0.023; < 0.001
—0.039) -0.015)

Smoking (never, Never: 50.5% Past: —0.125 (— <0.001 Never:40.1% Past: —0.046 (— 0.014

past, actual) Past: 30.4% 0.155; - 0.095) Past: 37.8% 0.082; —0.009)

Actual: 19.1% Actual: ~0.125 (- <0001 Actual:221% Actual: —0073 (- <0001

0.161; —0.089) 0.115;-0.031)

Alcoholintake (g/ 73 +125 3.116 (0.8345- — 424107 (- 0938 14.8+199 8.071 (2.525- 0.0034 (0.0026; <0.001

day) 9.071) 0.0011;0.0010) 19.271) 0.0042)

HbA1c (mmol/ 363 +5.7 36 (33-39) 0.015(0.013; <0001 373472 36 (33-39) 0.019(0.016; <0.001

mol) 0.018) 0.021)

HDL cholesterol 1.74 +043 1.7 (1.44-2.00) —0.032 (- 0.066; 0.061 1.36+0.35 1.31(1.10-1.55) —0.099 (- 0147,  <0.001

(mmol/l) 0.002) —0.050)

LDL cholesterol 3334093 3.25(2.66-3.90) 0.066 (0.050; <0.001 340+091 3.38(2.77-3.98) 0.031(0.013; <0.001

(mmol/l) 0.082) 0.050)

Serum creatinine  65.1+11.9 64 (58-71) —0.003 (- 0.004; <0001 81.2+156 80 (72-88) —0.001 (= 0.002; 0.130

(umol/I) —0.002) 0.000)

Physical activity 7292+9037 4000 (1560-9640) 1.64-107° 0.026 8068 +10,062 4200 (1600— -239107 (- 0.763

(MET-min/week) (1.94107; 10,680) 18107513107
311079

Systolic blood 1249+169 122 (113-135) 0.046 (0.046; <0.001 133.1+154 131 (123-142) 0.045 (0.044; <0.001

pressure (mmHg) 0.047) 0.046)

Anti-hypertensive  Yes: 22.9% 0.143 (0.107; <0.001 Yes:29.6% 0.101 (0.059; < 0.001

drugs (yes/no) No: 77.1% 0.180) No: 70.4% 0.142)

Lipid-lowering Yes: 6.6% 0.129 (0.073; <0.001 Yes: 12.6% —0.016 (- 0.070; 0.571

drugs (yes/no) No: 93.4% 0.186) No: 87.4% 0.039)

Urate-lowering Yes: 0.6% 0.158 (- 0.013; 0.070 Yes:4.1% 0.251 (0.169; < 0.001

drugs (yes/no) No: 99.4% 0.329) No: 95.9% 0.333)

and are therefore not redundant. Likewise, hyper- Discussion

tension is not redundant with the blood pressure
parameters, since in one case the physiological blood
pressure range is included and in the other case only
the pathological range is taken into account. Likewise,
body height, body weight, and BMI are related but not
redundant [61-63].

The ten highest ranking variables are age at time
of examination, sex, systolic blood pressure, diastolic
blood pressure, weight, high blood pressure (hyper-
tension), HDL cholesterol measurement, urate meas-
urement (uric acid), BMI, and body size (height). Uric
acid ranges among the top eight variables.

In humans, uric acid is the end product of purine metab-
olism (metabolism of DNA, RNA, or nucleotides) that
requires renal excretion to maintain homeostasis. An
increase in uric acid formation or impaired elimination
can lead to gout and urolithiasis due to crystallization
[5]. Although it is a metabolic end product, physiologi-
cal serum concentrations in the range of ~200 to ~400
pumol/l are maintained at steady state. The reason behind
that is probably the blood pressure-increasing or -main-
taining effect of uric acid, which represented an evo-
lutionary advantage during the transition to terrestrial
life when NaCl supply was critical [5, 19]. This effect is
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Table 4 Regression analysis of female persons with normal serum urate levels (1140, 360] umol/l; n= 34,595; complete model: *=
0.556) and of male persons with normal serum urate levels (1180, 420] pmol/I; n= 29,500; complete model: = 0.468). SD standard
deviation, IQR interquartile range

Variable Female Male
Mean +SD Median (IQR) b (95%ClI) pvalue Mean £SD Median (IQR) b (95%Cl) p value

Arterial pulse 1036+190 10.1(9.0-11.5) 11024198  10.8(9.7-12.1)

wave velocity

(m/s)

Serum urate 239 £50 236 (202-274) 0.0014 (0.0010; <0.001 318+53 319 (280-358) 0.0011 (0.0008; < 0.001

(umol/N) 0.0017) 0.0015)

Age (years) 506 +£124 52 (43-61) 0.069 (0.067; <0.001 516124 53 (44-62) 0.074 (0.072; < 0.001
0.070) 0.075)

BMI (kg/mz) 25.7+£49 24.7 (22.1-28.2) —0.043 (- 0.046; <0.001 27.0+4.2 26.5(24.2-29.2) —0.019 (- 0.023; < 0.001
—0.040) -0.014)

Smoking (never, Never: 50.6% Past: —0.134 (— <0.001 Never:41.1% Past: —0.041 (— 0.036

past, actual) Past: 30.2% 0.166; —0.103) Past: 36.6% 0.08; —0.003)

Actual: 19.2% Actual: —0.119 (- <0001 Actual: 22:4% Actual: —0058 (- 0010

0.155; -0.082) 0.103;-0.014)

Alcohol intake (g/ 73 +124 3.161 (0.871- —0.0003 (- 0.566 14.1 +193 7.7685 (24— 0.003 (0.0021; <0.001

day) 9.104) 0.0014; 0.0008) 18.2968) 0.0039)

HbA1c (mmol/ 36.1 55 36 (33-38) 0.015(0.012; <0001 371472 36 (33-39) 0.020(0.017; <0.001

mol) 0.018) 0.023)

HDL cholesterol 1.75 +043 1.70 (1.45-2.00) —0.048 (- 0.083; 0.006 1.37 +0.35 1.32(1.11-157) —0.088(-0.139; <0.001

(mmol/l) -0.014) —0.036)

LDL cholesterol 331+092 3.23 (2.66-3.88) 0.063 (0.047; <0.001 3.39+0.90 3.36 (2.76-3.96) 0.034 (0.014; <0.001

(mmol/l) 0.080) 0.054)

Serum creatinine  64.8 +11.1 64 (58-71) —0.003 (- 0.004; <0.001 80.3+138 79 (72-87) —0.001 (- 0.002; 0.307

(umol/1) —-0.001) 0.001)

Physical activity 7256 £9001 3960 (1560-9600) 1.19-107° 0.119 8052 £10,082 4080 (1600— — 275107 0.743

(MET-min/week) (-3.06107; 10,560) (- 1921075
2.69-1075) 1371079

Systolic blood 1246+168  122(113-134) 0.047 (0.046; <0001 1328+153  131(122-141) 0.045 (0.043; <0.001

pressure (mmHg) 0.048) 0.046)

Anti-hypertensive  Yes: 20.9% 0.152 (0.114; <0.001 Yes:27.1% 0.113(0.069; <0.001

drugs (yes/no) No: 79.1% 0.189) No: 72.9% 0.157)

Lipid-lowering Yes: 6.0% 0.151 (0.090; <0.001 Yes: 12.0% 0.011 (- 0.048; 0.705

drugs (yes/no) No: 94.0% 0211) No: 88.0% 0.07)

Urate-lowering Yes: 0.5% 0.125 (- 0.067; 0.202 Yes: 3.9% 0.239 (0.150; <0.001

drugs (yes/no) No: 99.5% 0.316) No: 96.1% 0.328)

probably based on the vascular impact of uric acid, which
can promote phenotypic changes of vascular smooth
muscle cells and endothelial cells, thereby leading to vas-
cular remodeling and ultimately higher blood pressure
[64—67]. Recent studies demonstrate an increase in oxi-
dative stress, a decrease in NO availability, activation of
the renin—angiotensin—aldosterone system (RAAS), and
vascular inflammatory processes as underlying molecular
mechanisms [68-70].

Nowadays, NaCl supply is abundant and there is over-
consumption, making this impact detrimental and con-
tributing to wvascular pathophysiology. Accordingly,
several studies indicate that increased uric acid serum
concentrations are associated with cardiovascular dis-
eases and vascular end-organ damage [2, 29, 46, 71].

Thus, it is conceivable that uric acid promotes vascular
dysfunction and vascular remodeling and thereby arte-
rial hypertension. However, this hypothesis is unproven
for humans, and it cannot be excluded that uric acid pro-
motes primarily hypertension, thereby leading to vascu-
lar damage. In addition, pathophysiologically relevant
uric acid concentration ranges as well as their sex differ-
ences are unclear.

Our present analyses show the positive association of
serum uric acid concentrations with PWYV, as a meas-
ure of vascular stiffness in a large and population-based
cohort of the German adult population. This associa-
tion was observed across the entire spectrum of serum
urate levels and not restricted to individuals with hyper-
uricemia and persisted after correction for relevant
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Fig. 2 Association of pulse wave velocity and serum urate level for male (n= 33,803) and female (n=37,953) persons. Serum urate was classified
in low (male: <180 umol/I, female: < 140 umol/l), normal (male: 180 < - <420 umol/l, female: 140 < - <360 umol/l), and high (male: > 420 umol/I,
female: >360 umol/l) values. The regression lines were calculated from all individual data in the respective sex group (not adjusted for other
covariates). For the presentation, the data were grouped and the means + SD of serum urate and PWV for each group are shown

confounders, including blood pressure, age, smoking,
obesity, blood glucose, Hbalc, or cholesterol levels. Of
note, the strength of the association was identical (same
regression coefficient) in the entire sample and in the
subsample with “normal” serum urate levels [5]. The
result of machine learning approach, performed as a
proof of principle, confirmed the regression analysis and
identified uric acid as independent variable associated
with vascular stiffness. Of note, linear regression analy-
sis resulted in negative regression coefficients for smok-
ing related to PWV. This finding is surprising but highly
significant and should be analyzed further in subsequent
studies. However, it is important to note that the effect
size is small.

As PWV and vascular stiffness are well established
indicators for vascular remodeling in humans [72],
our data describe a possible missing mechanistic link
between the known pathological impact of uric acid on
vascular cells and its documented role as a risk factor for
vascular end-organ damage in humans.

In view of these data, combined with the putative evo-
lutionary role of uric acid, the question about the appro-
priateness of existing cut-off values for normal urate
concentrations arises. Possibly, there are no “normal”
uric acid concentrations under our current environmen-
tal conditions or the “ideal” (i.e., healthiest) concentra-
tion ranges are much lower [5]. This issue needs further
consideration in future studies. Another aspect to be
considered is the question whether treatment with urate-
lowering drugs (uricostatics or uricosurics) lead to clas-
sification of persons under risk in the group of persons

with “normal” urate level. In our analyzed cohort of
64,095 individuals with urate levels in the physiologi-
cal range, 1340 (= 2.1%) received urate-lowering drugs.
To take this aspect into account, the analyses were per-
formed with the information of urate-lowering drugs as
a confounding variable. As shown in Table 2, the plasma
urate level is still correlated with the PWV even when
adjusted for urate-lowering drugs in this group. This
holds also true for the sex-specific analyses (Table 4).
However, in our analysis we do not have any information
of how long these drugs were taken in the past. There-
fore, the general question whether a successful treatment
prevents long-term changes in vascular stiffness or even
with treatment a cellular mechanism is still acting cannot
be answered.

The sub-group analysis of different age groups revealed
that the urate effect on PWV (even in individuals with
“normal” concentration) occurs in young as well as in
aged persons (Additional file 1: Tables S03 and S04).
The role of other variables analyzed occurred to be age-
dependent. For instance, the smoking history plays a role
only in elderly people but not in younger. Here, the dura-
tion of the smoking history in the past could be relevant.

In view of the well-known sex dependence of vascular
health, we tested whether the association between serum
uric acid and vascular stiffness differs between female
and male adults. Surprisingly, vascular stiffness increased
in a more pronounced manner with serum uric acid in
females than in male adults. The slope of the regres-
sion line in female adults of Fig. 2 was approximately
6.8 m-I-s"--mmol~! for females and 3.7 m--s~}mmol~!
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Age at examination date

Sex

Systolic blood pressure

Diastolic blood pressure 4

Weight 4

Hypertension A

HDL cholesterol (hdic) 4

Uric acid q

Body mass index (BMI) 4

Height q

Pulse rate 4

Smoking years

Amount of pure alcohol consumed -
Creatinine 4

Hypertension (diseases) -

Cholesterol 4

ACE inhibitors

HbA1c A

Smoking status 4

Smoking status (without intensity) -
IDOM: medication taken in the last 7 day 4
Beta—blocker intake

Beta blockers q

Elevated blood lipids, cholesterol or triglycerides 4
Thyroid disease 4

Consumes alcohol §

Narrowing of coronary arteries or angina pectoris 4
1. cancer type 1

Diabetes or diabetes mellitus
Cardiac arrhythmias 4

Chronic renal insufficiency ever?
Cardiac insufficiency or heart failure -
Calcium channel blockers 4
Myocardial infarction

Gout or uric acid disease q

Diuretics

Other anti-hypertensive medications
Cardiovascular diseases 4

—

0.0

0.5 1.0 1.5
Percentage Increase in Mean Squared Error
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Fig. 3 Feature importance measured by mean %IncMSE using random forests in a tenfold CV scheme; values are reported by mean and standard
deviation. Hypertension = measured systolic > 140 or diastolic blood pressure > 90; hypertension (disease) = self-reported diagnosis of hypertension;
self-reported cardiovascular diseases = intermittent claudication or circulatory disorders in the legs, also known as intermittent claudication

or arterial occlusive disease; 1 st cancer type =entity of the first diagnosed cancer if cancer has ever been diagnosed

for males; i.e., velocity increases by 0.68 m/s or 0.37 m/s
for every 100 umol/l of serum uric acid. Analyzing the
age-dependent increase in PWYV, we obtained regression
slopes of 0.099 m-s~l.year ! and 0.094 m-s'-year! for
females and males, respectively. These values agree well
with data from literature [59, 60, 73]. Comparison of the
uric acid-dependent increase in vascular stiffness with
the age-dependent increases in vascular stiffness indi-
cates that an increase of serum uric acid by 100 pmol/l
corresponds to an increase of vascular stiffness equiva-
lent to ~ 7 years of increase in age in female and ~ 4 years
in males. Of course, this is only a first estimate and not
corrected for confounding factors. Yet, also a smaller

impact of uric acid could be functional relevant. In this
simple regression analysis between urate and PWYV, the
value of r* is 0.057. Separate analyses for females and
males result in a 7 value for women of 0.053 and for men
of 0.015. In a combined model that only takes urate and
gender into account (related to PWV), r* is 0.059. Add-
ing an interaction term of urate and gender to this model
results in a 7% of 0.062.

In analogy to the simplistic estimation of the impact of
urate level and age on PWV (shown above), a rough but
illustrative calculation of the impact of other variables in
relation to age can be done. For instance, an increase in
the BMI by 5 results in a higher PWV which is equivalent
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to an increase in age of ~4 years. For other variables, it
would be AHbA1c by +10 mmol/mol ~+ 9 years, ALDL
cholesterol by +1 mmol/l ~+ 5 years, or Asystolic RR by
+10 mmHg ~+ 7 years.

Although surprising on the first view, our results may
help to explain the stronger impact of urate and the
more beneficial effect of urate-lowering interventions
on cardiovascular variables in female as compared to
male individuals [29, 39, 40]. These results emphasize
the importance of female-male comparative biomedi-
cal research [53, 74] in order to evaluate health risks and
appropriate health care strategies adequately for our soci-
eties. The dimension sex adds another level of complexity
to the issue of “normal” uric acid concentrations and the
possible benefits of interventions. Furthermore, our data
add to a recent study on the association of gout (crystal
arthropathy due to hyperuricemia) with cardiovascular
diseases, showing that the impact is stronger in women
than in men [41]. According to our results, vascular
remodeling may be an underlying pathomechanism. Fur-
thermore, the present results suggest that the higher risk
for women is not restricted to pathological high uric. Our
results are supported by several other studies, showing
a stronger association between uremic acid serum con-
centrations and vascular function in women than in men
[28, 75, 76]. Genetic or sex steroid dependent differences
in vascular ROS homeostasis, NO production, RAAS
activation, and immune response may account for these
alterations in the response to uric acid [77-79].

As an additional plausibility check and sensitivity
analysis, which may identify and quantify associated fac-
tors regarding PWV, we applied a random forest-based
machine learning approach. Furthermore, we wanted
to gain information concerning the possible suitability
of this approach using our extensive data set and our
hypothesis driven research question as a use case. The
machine learning approach confirmed uric acid as an
important factor associated with PWV and ranked it
within the top eight variables. The other top ranked vari-
ables are well known and validated regarding vascular
remodeling and PWYV alterations. Thus, random forest-
based machine learning approach could be a valid AI tool
for the identification and quantification of strength of
risk factors and should be further validated.

Of course, our study has strengths and limitations. The
large number of participants, the large number of param-
eters determined, and the possibility to compare male
and female participants are without doubt strengths.
On the other hand, in such a large multi-center study
the question may arise whether the measured values
(laboratory values, PWV measurements) are comparable
between different study centers. All participating labora-
tories are accredited, certified laboratories that fulfill the
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guidelines of the German Medical Association for the
quality assurance of laboratory medical examinations.
In particular, the stability of the uric acid values over
the study period and potential differences between the
laboratories were analyzed. Only neglectable minor dis-
crepancies were observed. Another critical aspect of the
study results from inclusion of only complete datasets in
the analysis. From the initial 101,556 participants, only
70,649 (70.0%) were included in the statistical analysis
(Additional file 1: Fig. S01). The question arises whether
the exclusion of 30% of the participants may lead to a
selection bias. Additional file 1: Table S05 shows the
description of the variables in the included and excluded
cohort. The comparison does not show marked differ-
ences between the groups. Especially PVW and urate
level are almost identical. In addition, the other variables
are “only” confounders for which the statistical model is
adjusted. Therefore, a systematic bias by exclusion of par-
ticipants can be ruled out.

A general limitation of our cross-sectional study is that
it does not allow conclusions regarding causality. This
aspect has to be addressed in detail at different experi-
mental levels, from experimental studies with primary
vascular cells of both sexes to interventional studies
in humans. In addition, a follow-up with a longitudinal
design should be performed. Furthermore, one has to be
aware that not all possible confounders for the relation-
ship of uric acid with arterial stiffness (e.g., additional
lifestyle factors, environmental exposures, diet quality)
can be considered in a single study and potentially rel-
evant missing confounders should be addressed in the
follow-up studies.

Conclusions

The relationship of PWV and serum uric acid unveiled by
our study can help to close the knowledge gap between
the previously described impact of urate on vasculature
and the epidemiological evidence for urate as risk factor
for vascular end-organ damage. The results also repre-
sent a framework to explain the positive effect of strong
serum uric acid lowering interventions on cardiovascu-
lar events, as well as the sex-dependent efficacy of these
interventions. Future studies have to address the sex dif-
ference mechanistically at the cellular level by comparing
the impact of urate on vascular smooth muscle cells and
endothelial cells from female and male donors. Further-
more, intervention studies should be performed to con-
firm the conclusions at the systemic level in humans and
to quantify more precisely the relative contribution of
uric acid on vascular stiffness.
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age >50 years, n = 35,604; complete model: r* = 0.356. SD = standard
deviation, IQR = interquartile range. Table. SO5: Description of the model
variables in persons included in the analysisand in the group excluded
due to incomplete data sets.. Fig. SO3: Distributions of the standardized
residuals of the regression models described in Tables 1,2,3 and 4

Additional file 2. Additional information on the machine learning
procedure. Table. SO1: Percent increaseof mean squared errorfor each of
the 38 variables used to predict PWV with random forests in a 10-fold

CV scheme. Hypertension = measured systolic blood pressure > 140 or
diastolic blood pressure > 90; hypertension= self-reported hypertension;
cardiovascular diseases = intermittent claudication or circulatory disorders
in the legs, also known as intermittent claudication or arterial occlusive
disease; 1st cancer type = entity of the first diagnosed cancer if cancer

has ever been diagnosed. Fig. S02: Boxplots for each individual fold. These
results indicate how well the 10 individual random forestsdid adapt to the
non-linear regression task and to what extent results varied across all ten
folds. Red lines indicate a threshold of +5% or —5%, respectively. Table.
S02: Descriptive statistics for each individual fold. These results equal the
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value by 1% of that value

Acknowledgements

This project was conducted with data (Application No. NAKO-386) from the
German National Cohort (NAKO) (www.nako.de). The NAKO is funded by the
Federal Ministry of Education and Research (BMBF) (project funding reference
numbers: 01TER1301A/B/C, 01ER1511D, 1ER1801A/B/C/D and 01ER2301A/B/C),
federal states of Germany and the Helmholtz Association, the participating
universities and the institutes of the Leibniz Association. We thank all partici-
pants who took part in the NAKO study and the staff of this research initiative.

Page 13 of 16

Authors’ contributions

M.Ge.: conception, design, data analysis, interpretation of data, drafting the
work, revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. OT.:
conception, design, data analysis, interpretation of data, drafting the work,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. M.Gi.:
conception, design, data analysis, interpretation of data, drafting the work,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. C.G.:
conception, design, data analysis, interpretation of data, drafting the work,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. AK.
conception, design, data acquisition, data analysis, interpretation of data,
drafting the work, revision of the work, approved the submitted version,
agreed both to be personally accountable for the author’s own contributions
and to ensure that questions related to the accuracy or integrity of any part of
the work. T.S.: conception, data analysis, interpretation of data, drafting the
work, revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. AW.:
conception, data analysis, interpretation of data, drafting the work, revision of
the work, approved the submitted version, agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work. M.Z.: conception,
data acquisition, data analysis, interpretation of data, drafting the work,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. W.A::
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. T.B.: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author's own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. H.B.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. S.C.: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. B.L.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. W.L.: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author's own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. H.G.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. M.D.: conception, data acquisition,
interpretation of data, revision of the work, approved the submitted version,
agreed both to be personally accountable for the author’s own contributions
and to ensure that questions related to the accuracy or integrity of any part of
the work. LK.: conception, interpretation of data, revision of the work,
approved the submitted version, agreed both to be personally accountable
for the author’s own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work. S.N.W.: conception, interpretation
of data, revision of the work, approved the submitted version, agreed both to
be personally accountable for the author's own contributions and to ensure
that questions related to the accuracy or integrity of any part of the work. V.H.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or


https://doi.org/10.1186/s12916-025-04195-8
https://doi.org/10.1186/s12916-025-04195-8
http://www.nako.de

Thews et al. BMC Medicine (2025) 23:356

integrity of any part of the work. N.O.: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. M.L.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. AP: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. B.S.:
conception, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. M.S.: conception, interpretation of data,
revision of the work, approved the submitted version, agreed both to be
personally accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work. H.V.:
conception, data acquisition, interpretation of data, revision of the work,
approved the submitted version, agreed both to be personally accountable
for the author’s own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work. M.N.: conception, data
acquisition, interpretation of data, revision of the work, approved the
submitted version, agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. S.Z.: conception, data acquisition, interpreta-
tion of data, revision of the work, approved the submitted version, agreed
both to be personally accountable for the author’s own contributions and to
ensure that questions related to the accuracy or integrity of any part of the
work. A.H.: conception, data acquisition, interpretation of data, revision of the
work, approved the submitted version, agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work. T.P: conception,
interpretation of data, revision of the work, approved the submitted version,
agreed both to be personally accountable for the author’s own contributions
and to ensure that questions related to the accuracy or integrity of any part of
the work. LM.V.: conception, interpretation of data, revision of the work,
approved the submitted version, agreed both to be personally accountable
for the author’s own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work.

Funding

Open Access funding enabled and organized by Projekt DEAL. The German
National Cohort (NAKO) is funded by the Bundesministerium fur Bildung und
Forschung of the Federal Republic of Germany.

Open Access funding enabled and organized by Projekt DEAL.

Data availability

Original data can be requested from the NAKO transfer office (transfer-nako@
med.uni-greifswald.de; https://transfer.nako.de/transfer/contact). NAKO
ensures that the same dataset used in this study will be made available via the
transfer office in order to comply with good scientific practice.

Declarations

Ethics approval and consent to participate

The study was approved by the responsible local ethics committees of the
German Federal States where all study centers were located (Bayerische
Landesarztekammer (protocol code 13023, Approval Date: 27 March 2013 and
14 February 2014 (rectification of documents, study protocol, consent form,
etc.). All participants gave their consent to participate prior to the inclusion

in the study.

Consent for publication
All authors read and approved the final manuscript and gave their consent for
publication.

Page 14 of 16

Competing interests
The authors declare no competing interests.

Author details

! Julius-Bernstein-Institut fir Physiologie, Martin-Luther-Universitat Halle-
Wittenberg, Halle (Saale), Germany. AG Digitale Forschungsmethoden

in der Medizin, Martin-Luther-Universitat Halle-Wittenberg, Medizinische
Fakultat, Halle (Saale), Germany. >Studienzentrumder, NAKO Gesundheitss-
tudie, Halle (Saale), Germany. “Institute for Medical Epidemiology, Biometrics
and Informatics, Martin Luther University Halle-Wittenberg, Halle (Saale),
Germany. °Biobank der Universitatsmedizin Halle, Martin-Luther-Universitit
Halle-Wittenberg, Halle (Saale), Germany. ®Department Epidemiological
Methods and Etiological Research, Leibniz Institute for Prevention Research
and Epidemiology—BIPS, Bremen, Germany. ’Medical Faculty and University
Hospital, Heidelberg Institute of Global Health (HIGH), Heidelberg University,
Heidelberg, Germany. 8Department of Global Health and Population, Harvard
T.H. Chan School of Public Health, Boston, USA. °Harvard Centre for Popula-
tion and Development Studies, Cambridge, MA, USA. "°Division of Clinical
Epidemiology and Aging Research, German Cancer Research Center (DKFZ2),
Heidelberg, Germany. ' Department for Epidemiology, Helmholtz Centre

for Infection Research, Brunswick, Germany. '?Institute of Epidemiology, Kiel
University, Kiel, Germany. "> Division of Cancer Epidemiology, German Cancer
Research Centre, Heidelberg, Germany. “Department of Internal Medicine B,
Angiology & Pneumology, University Medicine Greifswald, CardiologyGreif-
swald, Germany. "*German Centre for Cardiovascular Research (DZHK),
Partner Site Greifswald, Greifswald, Germany. '®Institute of Social Medicine,
Epidemiology and Health Economics, Charité-Universitatsmedizin Berlin,
Berlin, Germany. /Institute for Occupational and Maritime Medicine (ZfAM),
University Medical Center Hamburg-Eppendorf, Hamburg, Germany. '#Institut
fur Epidemiologie Und Praventivmedizin, Universitat Regensburg, Regens-
burg, Germany. Institute of Epidemiology, Helmholtz Zentrum Minchen—
German Research Center for Environmental Health (GmbH), Neuherberg,
Germany. “Institute for Medical Informatics, Biometry and Epidemiology,
University Hospital of Essen, University of Duisburg-Essen, Essen, Germany.

' Department of Molecular Epidemiology, German Institute of Human
Nutrition Potsdam-Rehbruecke, Nuthetal, Germany. #Institute of Nutritional
Science, University of Potsdam, Nuthetal, Germany. 2*Institut fir Community
Medicine, Abteilung SHIP/Klinisch-Epidemiologische Forschung, University
Medicine Greifswald, Greifswald, Germany. *4Institut fiir Klinische Chemie
Und Laboratoriumsmedizin, University Medicine Greifswald, Greifswald,
Germany. Max-Delbrueck-Center for Molecular Medicinein the, Molecular
Epidemiology Research Group, Helmholtz Association (MDC), Berlin, Germany.
“Max-Delbrueck-Center for Molecular Medicinein the, Helmholtz Association
(MDC), Biobank Technology Platform, Berlin, Germany. 2’ Charité - Univer-
sitdtsmedizin Berlin, Freie Universitat Berlin and Humboldt-Universitat zu
Berlin, Berlin, Germany. 2Universitatsklinik fur Innere Medizin Il, Martin-Luther-
Universitat Halle-Wittenberg, Halle (Saale), Germany. Institute for Medical
Information Processing, Biometry and Epidemiology, Medical Faculty, Ludwig-
Maximilians-Universitat Minchen, Munich, Germany. **DZHK (German Centre
for Cardiovascular Research), Partner Site Munich Heart Alliance, Munich,
Germany.

Received: 4 December 2024 Accepted: 4 June 2025
Published online: 01 July 2025

References

1. Richette P, Bardin T. Gout Lancet. 2010;375:318-28.

2. Grassi D, Ferri L, Desideri G, et al. Chronic hyperuricemia, uric acid deposit
and cardiovascular risk. Curr Pharm Des. 2013;19:2432-8.

3. GrobnerW, Zéliner N. Uricosuric therapy and urate solubility in blood and
urine. Postgrad Med J. 1979;55(Suppl 3):26-31.

4. Terkeltaub R, Bushinsky DA, Becker MA. Recent developments in our
understanding of the renal basis of hyperuricemia and the development
of novel antihyperuricemic therapeutics. Arthritis Res Ther. 2006;8(Suppl
1):54.


https://transfer.nako.de/transfer/contact

Thews et al. BMC Medicine

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

(2025) 23:356

Desideri G, Castaldo G, Lombardi A, et al. Is it time to revise the

normal range of serum uric acid levels? Eur Rev Med Pharmacol Sci.
2014;18:1295-306.

So A, Thorens B. Uric acid transport and disease. J Clin Invest.
2010;120:1791-9.

Enomoto A, Kimura H, Chairoungdua A, et al. Molecular identification of
a renal urate anion exchanger that regulates blood urate levels. Nature.
2002;417:447-52.

Hamada T, Ichida K, Hosoyamada M, et al. Uricosuric action of losartan
via the inhibition of urate transporter 1 (URAT 1) in hypertensive patients.
Am J Hypertens. 2008;21:1157-62.

Pascual E, Perdiguero M. Gout, diuretics and the kidney. Ann Rheum Dis.
2006;65:981-2.

Neogi T. Clinical practice. Gout N Engl J Med. 2011;364:443-52.

. Simkin PA. Urate excretion in normal and gouty men. Adv Exp Med Biol.

1977;76B:41-5.

Proctor P. Similar functions of uric acid and ascorbate in man? Nature.
1970;228:868.

Watanabe S, Kang DH, Feng L, et al. Uric acid, hominoid evolution, and
the pathogenesis of salt-sensitivity. Hypertension. 2002;40:355-60.

Eaton SB, Konner M. Paleolithic nutrition. A consideration of its nature
and current implications. N Engl J Med. 1985;312:283-9.

Johnson RJ, Sautin YY, Oliver WJ, et al. Lessons from comparative physiol-
ogy: could uric acid represent a physiologic alarm signal gone awry in
western society? J Comp Physiol B. 2009;179:67-76.

Nakagawa T, Tuttle KR, Short RA, et al. Hypothesis: fructose-induced
hyperuricemia as a causal mechanism for the epidemic of the metabolic
syndrome. Nat Clin Pract Nephrol. 2005;1:80-6.

Khosla UM, Zharikov S, Finch JL, et al. Hyperuricemia induces endothelial
dysfunction. Kidney Int. 2005,67:1739-42.

Sautin YY, Nakagawa T, Zharikov S, et al. Adverse effects of the classic
antioxidant uric acid in adipocytes: NADPH oxidase-mediated oxidative/
nitrosative stress. Am J Physiol Cell Physiol. 2007;293:C584-96.

Orowan E. The origin of man. Nature. 1955;175:683-4.

Inouye E, Park KS, Asaka A. Blood uric acid level and 1Q: a study in twin
families. Acta Genet Med Gemellol (Roma ). 1984;33:237-42.

ShiY, Evans JE, Rock KL. Molecular identification of a danger signal that
alerts the immune system to dying cells. Nature. 2003;425:516-21.

Hu DE, Moore AM, Thomsen LL, et al. Uric acid promotes tumor
immune rejection. Cancer Res. 2004;64:5059-62.

Kanellis J, Kang DH. Uric acid as a mediator of endothelial dysfunction,
inflammation, and vascular disease. Semin Nephrol. 2005;25:39-42.
Feig DI, Kang DH, Johnson RJ. Uric acid and cardiovascular risk. N Engl J
Med. 2008;359:1811-21.

An L, WangV, Liu L, et al. High serum uric acid is a risk factor for arterial
stiffness in a Chinese hypertensive population: a cohort study. Hyper-
tens Res. 2024;47:1512-22.

Ishizaka N, Ishizaka Y, Toda E, et al. Higher serum uric acid is associated
with increased arterial stiffness in Japanese individuals. Atherosclerosis.
2007;192:131-7.

Yoshitomi R, Fukui A, Nakayama M, et al. Sex differences in the asso-
ciation between serum uric acid levels and cardiac hypertrophy in
patients with chronic kidney disease. Hypertens Res. 2014;37:246-52.
Maruhashi T, Kajikawa M, Kishimoto S, et al. Serum uric acid is indepen-
dently associated with impaired nitroglycerine-induced vasodilation of
the brachial artery in women. Hypertens Res. 2025;48:6-14.

Grayson PC, Kim SY, LaValley M, et al. Hyperuricemia and incident
hypertension: a systematic review and meta-analysis. Arthritis Care Res
(Hoboken ). 2011;63:102-10.

Feig DI, Johnson RJ. Hyperuricemia in childhood primary hypertension.
Hypertension. 2003;42:247-52.

. Feig DI, Soletsky B, Johnson RJ. Effect of allopurinol on blood pressure

of adolescents with newly diagnosed essential hypertension: a rand-
omized trial. JAMA. 2008;300:924-32.

Tsouli SG, Liberopoulos EN, Mikhailidis DP, et al. Elevated serum uric
acid levels in metabolic syndrome: an active component or an inno-
cent bystander? Metabolism. 2006;55:1293-301.

Kodama S, Saito K, Yachi Y, et al. Association between serum

uric acid and development of type 2 diabetes. Diabetes Care.
2009;32:1737-42.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 150f 16

Dehghan A, van HM, Sijbrands EJ, et al. High serum uric acid as a novel
risk factor for type 2 diabetes. Diabetes Care. 2008;31:361-2.

Masuo K, Kawaguchi H, Mikami H, et al. Serum uric acid and plasma
norepinephrine concentrations predict subsequent weight gain and
blood pressure elevation. Hypertension. 2003;42:474-80.

Lv Q, Meng XF, He FF, et al. High serum uric acid and increased risk of
type 2 diabetes: a systemic review and meta-analysis of prospective
cohort studies. PLoS ONE. 2013;8: e56864.

Viazzi F, Leoncini G, Vercelli M, et al. Serum uric acid levels predict new-
onset type 2 diabetes in hospitalized patients with primary hyperten-
sion: the MAGIC study. Diabetes Care. 2011;34:126-8.

Sluijs I, Holmes MV, van der Schouw YT, et al. A Mendelian randomi-
zation study of circulating uric acid and type 2 diabetes. Diabetes.
2015,;64:3028-36.

Fang J, Alderman MH. Serum uric acid and cardiovascular mortality the
NHANES | epidemiologic follow-up study, 1971-1992. National Health
and Nutrition Examination Survey. JAMA. 2000;283:2404-10.
Freedman DS, Williamson DF, Gunter EW, et al. Relation of serum uric
acid to mortality and ischemic heart disease. The NHANES | Epidemio-
logic Follow-up Study. Am J Epidemiol. 1995;141:637-44.

Ferguson LD, Molenberghs G, Verbeke G, et al. Gout and incidence of
12 cardiovascular diseases: a case-control study including 152663 indi-
viduals with gout and 709981 matched controls. Lancet Rheumatol.
2024,6:2156-67.

loachimescu AG, Brennan DM, Hoar BM, et al. Serum uric acid is an
independent predictor of all-cause mortality in patients at high risk

of cardiovascular disease: a preventive cardiology information system
(PreClS) database cohort study. Arthritis Rheum. 2008;58:623-30.
Anker SD, Doehner W, Rauchhaus M, et al. Uric acid and survival in
chronic heart failure: validation and application in metabolic, func-
tional, and hemodynamic staging. Circulation. 2003;107:1991-7.

Kuo CF, See LC, Luo SF, et al. Gout: an independent risk factor for
all-cause and cardiovascular mortality. Rheumatology (Oxford).
2010;49:141-6.

Krishnan E, Svendsen K, Neaton JD, et al. Long-term cardiovascular
mortality among middle-aged men with gout. Arch Intern Med.
2008;168:1104-10.

Stack AG, Hanley A, Casserly LF, et al. Independent and conjoint associa-
tions of gout and hyperuricaemia with total and cardiovascular mortality.
QJM. 2013;106:647-58.

Niskanen LK, Laaksonen DE, Nyyssoénen K, et al. Uric acid level as a risk
factor for cardiovascular and all-cause mortality in middle-aged men: a
prospective cohort study. Arch Intern Med. 2004;164:1546-51.
Verdecchia P, Schillaci G, Reboldi G, et al. Relation between serum uric
acid and risk of cardiovascular disease in essential hypertension. The
PIUMA study Hypertension. 2000;36:1072-8.

Smink PA, Bakker SJ, Laverman GD, et al. An initial reduction in serum uric
acid during angiotensin receptor blocker treatment is associated with
cardiovascular protection: a post-hoc analysis of the RENAAL and IDNT
trials. J Hypertens. 2012;30:1022-8.

Struthers AD, Donnan PT, Lindsay P, et al. Effect of allopurinol on mortality
and hospitalisations in chronic heart failure: a retrospective cohort study.
Heart. 2002;87:229-34.

Zoppini G, Targher G, Negri C, et al. Elevated serum uric acid concentra-
tions independently predict cardiovascular mortality in type 2 diabetic
patients. Diabetes Care. 2009;32:1716-20.

Wei L, Mackenzie IS, Chen Y, et al. Impact of allopurinol use on urate concen-
tration and cardiovascular outcome. Br J Clin Pharmacol. 2011;71:600-7.
Arnold AP, Klein SL, McCarthy MM, et al. Male-female comparisons

are powerful in biomedical research — don't abandon them. Nature.
2024,629:37-40.

Cohort TGN. aims, study design and organization. Eur J Epidemiol.
2014;29:371-82.

Peters A, Greiser KH, et al. Framework and baseline examination of the
German National Cohort (NAKO). Eur J Epidemiol. 2022;37:1107-24.

. Teren A, Beutner F, Wirkner K, et al. Relationship between determinants of

arterial stiffness assessed by diastolic and suprasystolic pulse oscillom-
etry: comparison of vicorder and vascular explorer. Medicine (Baltimore).
2016;95: €2963.



Thews et al. BMC Medicine (2025) 23:356

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

Kuss O, Becher H, Wienke A, et al. Statistical analysis in the German

National Cohort (NAKO) - specific aspects and general recommendations.

Eur J Epidemiol. 2022;37:429-36.

Breiman L. Random forrests. Mach Learn. 2001;45:5-32.

Vatner SF, Zhang J, Vyzas C, et al. Vascular stiffness in aging and disease.
Front Physiol. 2021;12: 762437.

Determinants of pulse wave velocity in healthy people and in the pres-
ence of cardiovascular risk factors: ‘establishing normal and reference
values’ Eur Heart J. 2010;31:2338-50.

Levitt DG, Heymsfield SB, Pierson RN Jr, et al. Physiological models of
body composition and human obesity. Nutr Metab (Lond). 2009;6:7.
Johnson W, Norris T, Bann D, et al. Differences in the relationship of
weight to height, and thus the meaning of BMI, according to age, sex,
and birth year cohort. Ann Hum Biol. 2020;47:199-207.

Krieg S, Kostev K, Luedde M, et al. The association between the body
height and cardiovascular diseases: a retrospective analysis of 657,310
outpatients in Germany. Eur J Med Res. 2022,27:240.

Dogru S, Yasar E, Yesilkaya A. Uric acid can enhance MAPK pathway-
mediated proliferation in rat primary vascular smooth muscle cells via
controlling of mitochondria and caspase-dependent cell death. J Recept
Signal Transduct Res. 2022;42:293-301.

LuY, Zhang H, Han M, et al. Impairment of autophagy mediates the uric-

acid-induced phenotypic transformation of vascular smooth muscle cells.

Pharmacology. 2024;109:34-42.

Russo E, Bertolotto M, Zanetti V, et al. Role of uric acid in vascular
remodeling: cytoskeleton changes and migration in VSMCs. Int J Mol Sci.
2023;24.

Ko J, Kang HJ, Kim DA, et al. Uric acid induced the phenotype transition
of vascular endothelial cells via induction of oxidative stress and glycoca-
lyx shedding. FASEB J. 2019;33:13334-45.

Corry DB, Eslami P, Yamamoto K; et al. Uric acid stimulates vascular
smooth muscle cell proliferation and oxidative stress via the vascular
renin-angiotensin system. J Hypertens. 2008;26:269-75.

Park JH, Jin YM, Hwang S, et al. Uric acid attenuates nitric oxide produc-
tion by decreasing the interaction between endothelial nitric oxide
synthase and calmodulin in human umbilical vein endothelial cells: a
mechanism for uric acid-induced cardiovascular disease development.
Nitric Oxide. 2013;32:36-42.

Joosten LAB, CriAYan TO, Bjornstad P, et al. Asymptomatic hyperuricae-
mia: a silent activator of the innate immune system. Nat Rev Rheumatol.
2020;16:75-86.

Tian X, Wang P, Chen S, et al. Association of normal serum uric acid level
and cardiovascular disease in people without risk factors for cardiac
diseases in China. J Am Heart Assoc. 2023;12: e029633.

RegnaultV, Lacolley P, Laurent S. Arterial stiffness: from basic primers to
integrative physiology. Annu Rev Physiol. 2024,86:99-121.

Hickson SS, Butlin M, Graves M, et al. The relationship of age with regional
aortic stiffness and diameter. JACC Cardiovasc Imaging. 2010;3:1247-55.
Ritz SA, Greaves L. We need more-nuanced approaches to exploring sex
and gender in research. Nature. 2024;629:34-6.

Sugiura T, DohiY, Takagi Y, et al. Increased impact of serum uric acid on
arterial stiffness and atherosclerosis in females. J Atheroscler Thromb.
2022;29:1672-91.

Gomez-Marcos MA, Recio-Rodriguez JI, Patino-Alonso MC, et al.
Relationship between uric acid and vascular structure and function

in hypertensive patients and sex-related differences. Am J Hypertens.
2013;26:599-607.

Nwia SM, Leite APO, Li XC, et al. Sex differences in the renin-angiotensin-
aldosterone system and its roles in hypertension, cardiovascular, and
kidney diseases. Front Cardiovasc Med. 2023;10:1198090.

Dunn SE, Perry WA, Klein SL. Mechanisms and consequences of sex differ-
ences in immune responses. Nat Rev Nephrol. 2024;20:37-55.

Tiberi J, CesariniV, Stefanelli R, et al. Sex differences in antioxidant
defence and the regulation of redox homeostasis in physiology and
pathology. Mech Ageing Dev. 2023;211: 111802

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16



	Physiological serum uric acid concentrations correlate with arterial stiffness in a sex-dependent manner
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study sample
	Data collection and handling
	PWV determination
	Relevant measurement procedures
	Statistical analysis
	Linear models
	Non-linear models (machine learning)

	Ethics approval

	Results
	Association of PWV with serum uric acid
	Positive association of serum uric acid with PWV in the physiological concentration range
	Sex-dependent positive association of serum uric acid with PWV arterial stiffness
	Quantification of feature importance by machine learning

	Discussion
	Conclusions
	Acknowledgements
	References


