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Abstract

Background—The association between hyperuricemia and incident heart failure (HF) is
relatively unknown.

Methods—oOf the 5461 community-dwelling older adults, =65 years, in the Cardiovascular
Health Study without HF at baseline, 1505 had hyperuricemia (baseline serum uric acid =6 mg/dL
for women and =7 mg/dL for men). Using propensity scores for hyperuricemia, estimated for each
participant using 64 baseline covariates, we were able to match 1181 pairs of participants with and
without hyperuricemia.

Results—Incident HF occurred in 21% and 18% of participants respectively with and without
hyperuricemia during 8.1 years of mean follow-up (hazard ratio {HR} for hyperuricemia versus
no hyperuricemia, 1.30; 95% confidence interval {Cl}, 1.05-1.60; P=0.015). The association
between hyperuricemia and incident HF was significant only in subgroups with normal kidney
function (HR, 1.23; 95% Cl, 1.02-1.49; P=0.031), without hypertension (HR, 1.31; 95% ClI, 1.03-
1.66; P=0.030), not receiving thiazide diuretics (HR, 1.20; 95% CI, 1.01-1.42; P=0.044), and
without hyperinsulinemia (HR, 1.35; 95% CI, 1.06-1.72; P=0.013). Used as a continuous variable,
each 1 mg/dL increase in serum uric acid was associated with a 12% increase in incident HF (HR,
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1.12; 95% ClI, 1.03-1.22; P=0.006). Hyperuricemia had no association with acute myocardial
infarction or all-cause mortality.

Conclusions—Hyperuricemia is associated with incident HF in community-dwelling older
adults. Cumulative data from our subgroup analyses suggest that this association is only
significant when hyperuricemia is a marker of increased xanthine oxidase activity but not when
hyperuricemia is caused by impaired renal elimination of uric acid.

Keywords
Uric acid; incident heart failure; kidney function; propensity score

1. Introduction

High serum uric acid or hyperuricemia is considered a surrogate marker of inflammation and
has been associated with poor outcomes in heart failure (HF) [1-5]. Hyperuricemia has also
been variably associated with cardiovascular morbidity and mortality [6-10]. However, the
association between baseline hyperuricemia and new-onset HF has not been prospectively
studied in community-dwelling older adults. We used a public-use copy of the
Cardiovascular Health Study (CHS) data obtained from the National Heart, Lung and Blood
Institute (NHLBI) to test the hypothesis that baseline hyperuricemia was associated with
increased risk of new-onset HF in a well-balanced propensity-matched population.

2. Methods

2.1. Study design and participants

CHS is an NHLBI-funded, ongoing, community-based, epidemiologic study of 5,888 adults
>65 years of age [11]. The purpose of the study was to investigate risk factors for
cardiovascular morbidity and mortality in older adults. CHS participants were recruited from
Forsyth County, North Carolina, Sacramento County, California, Washington County,
Maryland, and Pittsburgh, Pennsylvania. An original cohort of 5,201 participants was
recruited between 1989 and 1990, and a second cohort of 687 African American participants
was recruited between 1992 and 1993. Detailed descriptions of the rationale, design,
implementation, and results of the CHS have been previously reported [11]. Of the 5,888
original CHS participants, 5,795 consented to be included in the de-identified public-use
copy of the dataset and are included in our analysis. From these, we excluded 79 participants
without data on baseline serum uric acid and 255 participants with prevalent HF at baseline.
The final sample size for the current analysis was 5,461. We restricted our main analysis to a
subset of 1,181 pairs of propensity-matched participants with high and normal serum uric
acid (described under Section 2.4).

2.2. Baseline serum uric acid and other baseline measurements

Serum uric acid levels were measured in a central blood analysis laboratory using Kodak
Ektachem 700 analyzer assay (Eastman Kodak, Rochester, NY) [12]. Based on commonly
used gender-based cut-offs, we defined hyperuricemia as serum uric acid levels =6 mg/dL
for women and =7 mg/dL for men [7,13]. Of the 5,461 participants, 1,505 (27.6%) had
hyperuricemia. Data on socio-demographic, clinical, sub-clinical, and laboratory variables
were also collected at baseline and have been previously described in detail [11]. Missing
values for continuous variables were imputed based on values predicted by age, sex and
race.
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2.3. Study outcomes

The primary outcome for this study was definite new-onset HF during 8.1 years of mean
follow-up. The process of adjudication of HF in CHS has been well documented in the
literature [14-21]. Briefly, the CHS Events Committee adjudicated the diagnosis of HF
based on participants’ self report of physician-diagnosed HF during semi-annual visits and
their medical records for a constellation of symptoms, physical signs, and other supporting
findings suggestive of HF, use of medications commonly used for HF, and follow-up
surveillances [14,15]. Secondary outcomes included all-cause mortality and acute
myocardial infarction (AMI).

2.4. Assembly of study cohort using propensity score matching

We estimated propensity scores for hyperuricemia for each of the 5,461 participants using a
non-parsimonious multivariable logistic regression model [22-24]. The propensity score for
hyperuricemia for a participant is the conditional probability of having hyperuricemia given
a set of measured baseline covariates of that participant [25,26]. In our propensity score
model, hyperuricemia was the dependent variable, and the 64 baseline characteristics
displayed in Figure 1 were used as covariates. Several clinically important two-way
interactions were tested and the only significant interaction term between age and baseline
serum creatinine was included in the model. Using a greedy matching protocol described
elsewhere we were able to match 1,181 pairs of participants with and without hyperuricemia
who had similar propensity scores [22-24]. Absolute standardized differences for all 64
covariates were estimated to assess pre-match imbalances and the post-match balances
achieved, and results were presented as a Love plot [22]. The Love plot was developed by
Thomas E. Love to provide a concise and meaningful balance summary across a large set of
covariates, both before and after matching [22]. An absolute standardized difference of 0%
indicates no bias, and values <10% suggest inconsequential bias [22-24,27].

2.5. Statistical analysis

For descriptive analyses, we used Pearson Chi square and Wilcoxon rank-sum tests for the
pre-match data, and McNemar’s test and paired sample t-test for post-match comparisons, as
appropriate. Kaplan-Meier survival and matched Cox proportional hazard analyses were
used to determine the association of hyperuricemia with outcomes during 8.1 years of mean
follow-up. To assess the effect of loss of participants during matching, we repeated our
analysis in all 5,461 pre-match participants using three different approaches: (1) unadjusted,
(2) multivariable- adjusted, using all covariates used in the propensity score model, and (3)
propensity score-adjusted. Select subgroup analyses were conducted to determine the
heterogeneity of the association of hyperuricemia and incident HF using pre-match data,
adjusting for propensity scores. All statistical tests were two-sided, and tests with p-value
<0.05 were considered significant. Confidence intervals were computed based on a 95%
confidence level. SPSS for Windows (Version 15) was used for all data analysis [28].

2.6. Sensitivity analyses

Even though our matched cohort was well balanced in a large number of socio-
demographic, clinical, sub-clinical, and biochemical covariates between participants with
and without hyperuricemia, we could not rule out the possibility of bias due to imbalances in
unmeasured covariates. Therefore, we conducted a formal sensitivity analysis to quantify the
degree of a hidden bias due to potential imbalance of an unmeasured covariate that would
need to be present to invalidate our main conclusions [29].
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3.1. Baseline characteristics

Overall, matched participants had a mean age 73 (£6.0) years, 56% were women and 16%
were African Americans. The mean (xSD) serum uric acid levels for patients with and
without hyperuricemia were 7.5 (x1.0) and 5.0 (£1.0) mg/dL before matching (P<0.0001)
and 7.3 (£1.0) and 5.2 (x0.9) mg/dL after matching (P<0.0001), respectively. Imbalances in
baseline characteristics before matching and balances achieved after matching between
patients with normal and high serum uric acid levels are displayed in Table 1 and Figure 1.
After matching, standardized differences for all measured covariates were <10% (most were
<5%), suggesting substantial covariate balance across the groups (Figure 1).

3.2. Association between serum uric acid and new-onset HF

During 8.1 years of mean follow-up, new-onset HF developed in 19% of matched
participants. Incident HF occurred in 21% (rate, 2,623/100,000 person-years of follow-up)
and 18% (rate, 2,130/100,000 person-years of follow-up) of matched participants with and
without hyperuricemia (hazard ratio {HR} when hyperuricemia was compared with normal
serum uric acid, 1.30; 95% confidence interval {CI}, 1.05-1.60; P=0.015 (Figure 2 and
Table 2). When serum uric acid was used as a continuous variable, every 1 mg/dL increase
in serum uric acid level was associated with significant increase in the risk of incident HF
(HR, 1.12; 95% Cl, 1.03-1.22; P =0.006).

In the pre-match cohort of 5,461 participants, incident HF occurred in 22% and 15% of
participants respectively with and without hyperuricemia (unadjusted HR, 1.63; 95% ClI,
1.42-1.86; P<0.0001). Multivariable-adjusted and propensity-adjusted HRs for
hyperuricemia-associated incident HF were respectively 1.18 (95% CI, 1.01-1.36; P=0.033)
and 1.15 (95% ClI, 0.99-1.35; P=0.077). The propensity-adjusted association between
hyperuricemia and incident HF became significant when we restricted our analysis to those
without baseline CKD (HR, 1.23; 95% CI, 1.02-1.49; P=0.031) and when uric acid was
used as a continuous variable (HR, 1.08; 95% CI, 1.03-1.13; P=0.002).

3.3. Results of sensitivity analysis

In the absence of hidden bias, a sign-score test for matched data with censoring provides
strong evidence (P =0.0145) that participants with normal serum uric acid clearly had fewer
incident HF than those with hyperuricemia. A hidden covariate, that is a near-perfect
predictor of incident HF and is not strongly associated with any of the 64 baseline covariates
used in our study, would need to increase the odds of hyperuricemia by 5.2% before it could
potentially explain away this association

3.4. Findings from subgroup analyses

The association of hyperuricemia with incident HF was not significant in subgroups of
participants in whom hyperuricemia may have been caused by impaired renal elimination of
uric acid, viz. hypertension (or the use of thiazide diuretics), chronic kidney disease (CKD),
as defined by an estimated glomerular filtration rate <60 ml/min/1.73 m2, and
hyperinsulinemia [30-33]. The association between hyperuricemia and incident HF was
significant only in subgroups with normal kidney function (HR, 1.23; 95% CI, 1.02-1.49;
P=0.031), without hypertension (HR, 1.31; 95% CI, 1.03-1.66; P=0.030), not receiving
thiazide diuretics (HR, 1.20; 95% CI, 1.01-1.42; P=0.044), and without hyperinsulinemia
(HR, 1.35; 95% Cl, 1.06-1.72; P=0.013; Figure 3).
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3.5. Association of serum uric acid with other outcomes

There were 225 cases of incident AMI, all of which occurred in 2,146 matched participants
without a prior AMI. AMI occurred in 10% (rate, 1,233 /100,000 person-years of follow-up)
and 9% (rate, 1,043 /100,000 person-years of follow-up) of participants respectively with
and without hyperuricemia (HR for hyperuricemia, 1.23; 95% ClI, 0.91-1.65; P=0.178;
Table 2). Overall, 834 matched participants died from all causes, which occurred in 36%
(rate, 4,215 /100,000 person-years of follow-up) and 34% (rate, 3,917 /100,000 person-years
of follow-up) of participants respectively with and without hyperuricemia (HR, 1.14; 95%
Cl, 0.98-1.34; P=0.090; Table 2).

4. Discussion

4.1. Key findings

The findings from the current analysis demonstrate that in a propensity-matched population
of community-dwelling older adults, who were well balanced in 64 measured baseline
demographic, clinical, subclinical, and biochemical covariates, baseline hyperuricemia was
associated with new-onset HF but had no association with myocardial infarction or
mortality. The association between hyperuricemia and incident HF seemed to be significant
only in subgroups of participants in whom hyperuricemia was likely due to increased
production of uric acid rather than impaired renal clearance of uric acid. The cumulative
evidence from our subgroups analyses suggests that uric acid may lack an intrinsic
association with HF and that hyperuricemia may be a predictor of HF when it is marker of
increased xanthine oxidase activity.

4.2. Possible mechanistic explanations

Because of an evolutionary loss of hepatic uricase, uric acid elimination in humans is nearly
completely dependent on the kidneys, yet due to a highly efficient renal tubular reabsorption
of filtered uric acid, the renal elimination of uric acid is imperfect [33,34]. Therefore,
hyperuricemia in humans is more often due to an impaired excretion of uric acid than its
increased production. However, hyperuricemia can also occur due to excess production of
uric acid by increased xanthine oxidase activity during conditions of ischemia and/or
hypoxia [35,36]. Thus, the association of hyperuricemia and incident HF observed in our
study may be explained by an increased xanthine oxidase activity (increased production), by
a high serum uric acid level (a direct effect), by confounding, or combinations thereof.
However, cumulative findings from our subgroup analyses suggest that increased production
of uric acid via increased xanthine oxidase activity may provide a mechanistic insight into
the association between hyperuricemia and incident HF found in our study.

Xanthine oxidase, a flavoprotein enzyme that catalyzes the oxidation of xanthine to uric
acid, also generates free oxygen radicals and causes inflammation [4,5]. In laboratory
animals, xanthine oxidase depresses myocardial excitation-contraction coupling and causes
oxidative damage during myocardial ischemia-reperfusion [37,38]. Xanthine oxidase
inhibition, on the other hand, improves myofilament responsiveness to calcium in the
ischemic, as well as, in the normal cardiomyocyte [38,39]. Animal models of HF are
associated with increased xanthine oxidase activity, inhibition of which improves left
ventricular performance and outcomes [40]. Endothelial function is improved by allopurinol,
a xanthine oxidase inhibitor, but not by probenecid, a uricosuric drug [41-43]. Therefore, it
is plausible that increased xanthine oxidase activity may be responsible for diastolic and/or
systolic dysfunction resulting in clinical HF. Cumulative evidence from our subgroup
analyses supports this xanthine oxidase hypothesis. Because renal excretion of uric acid is
expected to be normal in participants without hypertension (and in those not receiving
thiazide diuretics), without hyperinsulinemia, and in those with normal kidney function,
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hyperuricemia in these participants is likely due to increased production of uric acid rather
than impaired renal excretion. However, as renal excretion of serum uric acid is impaired in
patients with hypertension, hyperinsulinemia, CKD, and in those receiving thiazide
diuretics, these patients may develop hyperuricemia despite normal uric acid production and
normal xanthine oxidase activity [30-32,44]. In fact, despite a higher mean serum uric acid
levels in those with CKD (6.5 versus 6.2 mg/dL in those without CKD; P<0.0001), high
serum uric acid had no association with incident HF in these patients, pointing to a lack of
an intrinsic effect of uric acid.

In-vivo studies of the direct effect of high serum uric acid are complicated by difficulties in
isolating the effect of uric acid from those of xanthine oxidase, and its apparent opposing
effects in laboratory animals and humans. In cultures of rat vascular smooth muscles and
cardiomyocytes, the addition of uric acid resulted in the release of monocyte
chemoattractant protein-1, an important chemokine in the pathogenesis of atherosclerosis
and myocardial fibrosis [45,46]. In laboratory animals, artificial hyperuricemia induced by
oral uricase inhibitor, led to hypertension and renal damage [47,48]. In those studies, the
adverse effects of hyperuricemia could be prevented by both allopurinol and benziodarone,
an uricosuric drug, suggesting a direct effect of uric acid. In humans, on the other hand, an
acute systemic administration of uric acid has been shown to improve endothelial function
[49]. It has been suggested that serum uric acid may be elevated as a compensatory
mechanism to attenuate oxidative damage related to atherosclerosis [50,51]. Endothelial
nitric oxide plays an important role in inhibiting xanthine oxidase activity. However, under
conditions of oxidative stress, reduced vascular nitric oxide activity stimulates increased
xanthine oxidase activity and elevates serum uric acid levels, which in turn reduces the
oxidative stress [52,53]. Therefore, acute elevation of serum uric acid is unlikely to have an
adverse cardiovascular effect. However, the effect of chronic uric acid elevation in humans
remains an open question.

Finally, the association of hyperuricemia with incident cardiovascular morbidity and
mortality has been attributed to confounding risk factors such as CKD and hypertension
[6,7,54,55]. However, our matched participants with high and normal serum uric acid were
well balanced in 64 baseline covariates including major traditional risk factors (Figure 1)
suggesting that our findings may not be explained by baseline imbalances in any of those
measured covariates. However, bias due to imbalances in unmeasured covariates is possible.
While sensitivity analysis cannot determine whether an unmeasured confounder exists, it
suggests that for an unmeasured covariate to explain away the association between
hyperuricemia and incident HF observed in our study, it would need to increase the odds of
hyperuricemia by 5.2% [29]. Further, to be a confounder, that unmeasured covariate would
also need to be a near-perfect predictor of incident HF and could not be strongly correlated
with any of the measured covariates in our study.

4.3. Comparison with other published studies

The associations of high serum uric acid with cardiovascular morbidity and mortality have
been studied in a number of population-based studies [6,7,9,56]. Even though HF was part
of the composite cardiovascular outcome in many of those studies, none examined incident
HF as a separate outcome. Further, the use of propensity matching and adjustment for 64
baseline characteristics distinguishes our study from all prior studies.

4.4. Clinical and public health implications

Findings of the current analysis are important as they identify subsets of community-
dwelling older adults in whom hyperuricemia may be a potential marker of incident HF.
They also provide insights as to why interventions using xanthine oxidase inhibitors may not
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have been successful in improving outcomes in patients with HF [55]. The prevalence of
CKOD is high in HF in whom hyperuricemia is more likely due to reduced renal excretion of
uric acid. If hyperuricemia is due to impaired renal excretion and not due to increased
xanthine oxidase activity, the use of xanthine oxidase inhibitors is unlikely to improve
outcomes. It remains to be seen, however, if xanthine oxidase inhibitors would improve
outcomes in HF patients without CKD in whom hyperuricemia is likely due to increased
xanthine oxidase activity and not to impaired renal excretion of uric acid.

4.5. Study limitations

We were able to match 78% of participants with hyperuricemia. Therefore, any effect due to
loss of participants during matching would be minimal. Further, we were able to reproduce
our key findings in the pre-match dataset. We had no data on gout or the use of xanthine
oxidase inhibitors. Participants with normal and high serum uric acid at baseline may have
developed high or normal serum uric acid respectively during follow-up. This regression
dilution may have underestimated the true associations observed in our study [57].

4.6. Conclusions

In a well-balanced propensity-matched population of community-dwelling older adults,
baseline hyperuricemia was associated with incident HF. However, cumulative data from
our subgroup analyses indicate that hyperuricemia may predict incident HF when it is due to
increased production of uric acid reflecting an increased xanthine oxidase activity and not
when it is due to impaired renal excretion of uric acid suggesting lack of a direct intrinsic
effect. These conclusions are hypothesis generating and need to be replicated in other patient
populations using propensity score methods.
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Kaplan-Meier plots for incident heart failure in participants with and without hyperuricemia
(defined as serum uric acid levels >6mg/dL for women and >7mg/dL for men) (HR=hazard
ratio; Cl=confidence interval)
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