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Summary

Objective: Prospective studies, mostly from Europe and North America, suggest that
serum 25-hydroxyvitamin D (25(OH)D) is inversely associated with mortality and car-
diovascular disease (CVD) risk. Data from other regions are limited, and threshold lev-
els for adverse cardiovascular outcomes are uncertain. We examined serum 25(OH)D
as a predictor of total mortality and cardiovascular outcomes in an Australian cohort.

Design: A 20-year, community-based cohort study.

Patients: Participants in the 1994/1995 Busselton Health Survey (n = 3946, baseline
age 25-84 years).

Measurements: Baseline serum 25(OH)D and mortality and cardiovascular outcomes
to 2014 obtained by record linkage.

Results: The mean serum 25(0OH)D concentration was 60.6 + 18.0 nmol/L. During 20-
year follow-up (excluding the first 2 years), 889 participants died (including 363 from
CVD) and 944 experienced a CVD event (including 242 with heart failure). In the full
cohort, controlling for Framingham risk score variables, higher baseline 25(0OH)D was
associated with significantly reduced all-cause mortality (adjusted HR 0.83 per SD in-
crement of 25(OH)D, 95% CI 0.77-0.90), CVD death (HR 0.85, 95% Cl 0.74-0.96) and
heart failure (HR 0.81, 95% Cl 0.69-0.94), but not CVD events (HR 0.99, 0.92-1.07). In
restricted cubic spline regression models, serum 25(OH)D below 65 and 55 nmol/L
was associated with higher total mortality and higher CVD mortality/heart failure, re-
spectively. In participants without CVD at baseline (n = 3220), results were similar, but
hazard ratios were attenuated and associations with CVD mortality no longer
significant.

Conclusions: In an Australian community-based cohort, baseline vitamin D levels
below 55-65 nmol/L are predictive of all-cause mortality, CVD death and heart
failure.
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1 | INTRODUCTION

The pivotal role of vitamin D in calcium homoeostasis and bone
health is well known. Vitamin D may also have anti-inflammatory
and immune-modulating effects, and vitamin D receptors are ex-
pressed in many tissues related to cardiovascular health.! Several
previous cohort studies have shown that low vitamin D status, usu-
ally defined as serum 25-hydroxyvitamin D (25(OH)D) below 30
or 50 nmol/L, is associated with increased all-cause mortality.2'5
Cohort studies of 25(0OH)D as a predictor of cardiovascular disease
(CVD) mortality and events have been less consistent, with some?®
but not others®” finding an association; however, two recent meta-
analyses did report a significant association between vitamin D and
CVD outcomes.”>® For the most part, randomized controlled trials
(RCTs) of vitamin D supplementation have reported no effect on
cardiovascular risk factors such as blood pressure, arterial stiffness,
carotid intima medial thickness or endothelial function.” To date,
RCTs of vitamin D (alone or with calcium supplementation) have
shown no protective effects on CVD events or death.”** However, a
number of RCTs had significant limitations which hamper interpreta-
tion, including being designed to detect musculoskeletal outcomes
such as falls and fracture rather than CVD outcomes, inclusion of
participants who were vitamin D replete or did not measure 25(0OH)
D at baseline, and the heterogeneity in the supplementation dose
and interval.1%12

It is also possible that vitamin D level is more relevant to partic-
ular types of CVD, such as heart failure. In the RECORD trial, where
participants received 800 IU vitamin D or placebo daily for 3 years
then followed up for a further 3 years, vitamin D supplementation
was related to lower risk for cardiac failure, but not Ml and stroke.!!
Cardiomyocytes express vitamin D receptors, and there is exper-
imental evidence that vitamin D deficiency results in maladaptive
cardiac remodelling and dysfunction.i*13 However, there have been
few longitudinal community-based cohort studies on the associa-
tion between vitamin D status and heart failure. In addition, most
previous studies on vitamin D level and CVD have been carried
out in Europe and North America, and there are no previous large
prospective studies in the Australian population. The “dose-re-
sponse” relationship between serum 25(OH)D level and CVD risk
is also not well-characterized, and threshold levels for risk are un-
certain. Previous studies have suggested a no-linear association and
in some cases a reverse J-shaped relationship between vitamin D
status and all-cause'® and cardiovascular mortality,15 with increased
risk at both low and high serum 25(OH)D values, but this remains
controversial.

In the Busselton Health 1994/1995 survey cohort of adults aged
25-84 at baseline,® complete hospital morbidity and death records
for 20 years after the baseline survey are available from the Western
Australian Data Linkage System. The aim of this study was to inves-
tigate serum 25(OH)D as a predictor of all-cause and CVD mortality,
incident CVD and heart failure in this well-characterized general com-
munity Australian adult cohort, and to evaluate the “dose-response”
relationship between vitamin D status and outcomes.
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2 | PARTICIPANTS AND METHODS

2.1 | Study participants

The population of Busselton, a coastal area in the southwest of
Western Australia, has been regularly surveyed since 1966.Y7
Greater than 90% of this population consists of individuals with
Anglo-Celtic ancestry. In 1994/1995, a follow-up health survey
of 4843 survivors from previous surveys was conducted as previ-
ously described.'® The survey received ethics approval from the
University of Western Australia Human Research Ethics Committee
(approval number 05/06/004/674) and written informed consent
was obtained from each participant. The Human Research Ethics
Committee of the Department of Health of Western Australia
(Project number 2011/60) gave permission to access the hospital
morbidity and death records of the survey participants using record
linkage.®

2.2 | Baseline measurements

Participants completed a comprehensive health and lifestyle
questionnaire, and underwent various measurements and tests.1®
Information on smoking, alcohol intake, minutes of moderate and
vigorous leisure time physical activity (LTPA) per usual week, dia-
betes and use of medications and supplements was obtained by
questionnaire. Alcohol consumption was categorized as light, mod-
erate and heavy if intake was <140, 140-420 and >420 g/week,
respectively. LTPA was calculated as (min/week of moderate ac-
tivities) + 2 x (min/week of vigorous activity) and categorized as
(0-149 or 150 + min/week) where 150 min/week is the recom-
mended level of physical activity sufficient for health benefits.'?
Weight and height were measured following standardized proto-
cols and body mass index (BMI) calculated as weight (kg)/height
(m)2. Blood pressure (BP, systolic and diastolic) was measured using
a mercury sphygmomanometer after 5 minutes of rest in a sitting

position.

2.3 | Biochemical analysis

Blood samples were obtained from the participants after an overnight
fast at time of survey, serum separated and stored at -70°C. Serum
25(0H)D was measured in 2016 using the Abbott ARCHITECT® 25-
OH Vitamin D Assay (Abbott Laboratories, Abbott Park, IL, USA). The
reported total between run CVs for the serum samples ranged from
2.6% at 178.3 nmol/L to 4.0% at 57.5 nmol/L. In 117 samples (ran-
domly selected within 3 strata of 25(OH)D) that were also assayed
using isotope-dilution liquid chromatography/tandem mass spectrom-
etry,?° there was a strong correlation between the two techniques
(r* = .94).

Blood measures that were obtained at the time of the survey and
were available for this analysis include serum total and HDL choles-
terol, triglycerides, plasma glucose, C-reactive protein (CRP), creati-

nine and estimated glomerular filtration rate (eGFR).1¢?!
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2.4 | Mortality and cardiovascular outcomes

Cardiovascular hospitalizations and deaths for the period 1 January
1980 to 30 June 2014 were identified using the linked data from the
Hospital Morbidity Data Collection and Mortality Register provided
via the Western Australian Data Linkage System.*® International
Classification of Diseases, 9th revision (ICD-9) codes were used up to
30 June 1999, and ICD-10 codes were used for subsequent events.
History of CVD at baseline was based on any CVD hospital admission
(ICD-9 390-459) during the 15 years before the survey. Four outcome
events were analysed: (i) time to death from any cause; (ii) time to
death from cardiovascular diseases (ICD9 390-459; ICD10 100-99,
G45); (iii) time to first fatal or nonfatal cardiovascular event defined
as a hospital admission with a principal diagnosis of coronary heart
disease (ICD9 410-414; ICD10 120-25), stroke (ICD9 430-437; ICD10
160-68, G45), heart failure (ICD9 428; ICD10 150), peripheral arterial
disease (ICD9 440-448; ICD10 170-79) or death from cardiovascular
disease; and (iv) time to first heart failure event.

2.5 | Statistical analyses

Descriptive statistics are presented as mean + SD or number (%) unless
otherwise stated. Variables with skewed distributions were log trans-
formed for use in regression models. The associations between vitamin
D level and cardiovascular outcomes were examined using Cox pro-
portional hazards regression modelling. Vitamin D level (in nmol/L) was
examined as a continuous variable (both a linear trend and restricted
cubic splines) and in categories corresponding to lower (<50 nmol/L),
medium (250 to <75 nmol/L), and higher (275 nmol/L) to test the
graded risk. Lower vitamin D status was defined as below the suffi-
cient level recommended by the US Institute of Medicine Committee
(50 nmol/L),?% and the higher level was defined as above the sufficient
level recommended by the Endocrine Society (75 nmol/L).2° The es-
timated hazard ratios (HRs) with 95% confidence interval (Cl) are re-
ported for each of the four outcomes after three levels of adjustment
for potential confounders. Model 1 adjusted for age, sex, season of
blood sampling, use of vitamin D supplements and CVD history, Model
2 further adjusted for Framingham risk score variables (cholesterol,
HDL cholesterol, smoking, diabetes, systolic BP, hypertension treat-
ment) and Model 3 further adjusted for BMI, alcohol, LTPA, glucose,
triglycerides, CRP and eGFR. The percentage of participant using lipid-
lowering medication was very low in the cohort, and hence, this was
not included as an additional confounder. Analyses were conducted
for the full cohort and the subcohort of participants with no history of
CVD at baseline (CVD-free cohort). Tests of the interaction between
vitamin D level and sex, age group (<50, 50-64, 65 + years) or BMI
group (<25, 25-29.9, =30 kg/m?) showed that, for all outcomes, the
effect of vitamin D level on risk was not significantly different between
men and women and across age or BMI groups (all P > .05), except for
all cause death in the CVD-free cohort with age (P for interaction = .03,
weaker relationship in <50 year age group). A 25(0H)D concentration
of 80 nmol/L, as in the paper by Schottker et al,? was chosen as the

reference in fitting the restricted cubic spline curves, because it is close

to the middle of 25(0OH)D distribution which increases the precision
of estimated HRs, and from an illustration viewpoint a value in the
“higher” category is preferred as higher 25(OH)D was associated with
lower risk of outcomes. A 95% Cl that does not include the value 1 for
the HR is significant at the 5% level (ie, P < .05). Statistical analyses
were performed using SAS® 9.4 (SAS Institute Inc., Cary, NC, USA).

3 | RESULTS

3.1 | Study population

After excluding participants who were aged outside the range 25-
84 years (377), those with missing baseline serum 25(0OH)D measures
(245) or data on key confounders (234), and those who died within
the first 2 years of follow-up (41) to avoid the potential of reverse
causation, there remained a total of 3946 for analyses. Compared
with those included in the study, the 479 individuals with missing
25(OH)D or key confounders data were younger on average (49.4 vs
52.7 years), more likely to be men (51% vs 43%), have slightly higher
eGFR (71.6 vs 69.5 mL/min/1.73 m?) but otherwise similar in all other
characteristics listed in Table 1.

The baseline characteristics of the cohort are shown in Table 1.
The average age of participants was 52 years, and 43% were male. At
baseline, 18% had a history of CVD. Blood sampling occurred in spring
and winter for the majority of participants. The mean (+SD) serum
25(0OH)D concentration in participants was 60.6 + 18.0 nmol/L, and
the median was 58.8 nmol/L. Serum 25(OH)D was less than 50 nmo-
I/L in 28% of participants, between 50 and 75 nmol/L in 54%, and
75 nmol/L or higher in 18%.

Excluding the first 2 years of follow-up, in the full cohort (n = 3946),
there were a total of 889 (22.5%) deaths with 363 due to CVD, 264
due to cancer, and 71 due to respiratory-related diseases. There was
no significant difference in the mean 25(OH)D level between the 363
individuals who died from CVD and the 526 who died of non-CVD
causes (54.6 vs 56.6 nmol/L, P > .05). A total of 944 (23.9%) experi-
enced a CVD event including 242 (6.1%) who had a heart failure event.

3.2 | All-cause mortality

In the full cohort, there was a significant inverse relationship between
baseline 25(0OH)D and risk of all-cause death, with a HR of 0.83 (95%
Cl 0.77-0.90) per SD increment (18 nmol/L) of baseline 25(OH)D in
Model 1 (Table 2). When analysed by categories of vitamin D status,
participants with lower 25(0OH)D had significantly higher all-cause
mortality compared with those in the medium category (Model 1,
HR = 1.30, 95% Cl 1.12-1.51) (Table 3). Results were similar after fur-
ther adjustment for Framingham risk score variables (Model 2), in the
fully adjusted Model 3, and in the CVD-free cohort (Tables 2 and 3).

3.3 | CVD mortality and events

In the full cohort, there was a significant inverse relationship be-
tween baseline 25(0OH)D and risk of CVD mortality, with a HR of
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TABLE 1 Characteristics of cohort and number of outcome events in the whole cohort and by CVD history

Age (years)

Sex male (%)

BMI (kg/m?)

Serum 25(OH)D (nmol/L)

Serum 25(OH)D category (%)
Lower (<50 nmol/L)
Medium (50-75 nmol/L)
Higher (275 nmol/L)

Season of blood sampling
Autumn
Winter
Spring
Summer

Taking vitamin D supplements (%)

Smoking status (%)

Never
Former
Current

Alcohol consumption (%)
None
Ex
Light
Moderate/Heavy
Unknown

Leisure time physical activity (%)
<150 mins/week
2150 + mins/week
Unknown

Diabetes (%)

Hypertension treatment (%)
ACE-inhibitors (%)
Beta-blockers (%)

Calcium channel blockers (%)

Diuretics (%)

Other hypertension medication (%)

Lipid-lowering medication (%)
Total cholesterol (mmol/L)

HDL cholesterol (mmol/L)
Systolic blood pressure (mm Hg)
Glucose (mmol/L)

Log glucose

Triglycerides (mmol/L)

Log triglycerides

CRP (mg/L)

CVD history = no
(n =3220)
50.2+14.9

42.8

26.1+4.2

61.0 £ 18.0

27.3
54.1
18.6

13.8
18.2
66.5
1.5
4.9

52.4
33.9
13.6

6.6
8.4
60.4
21.0
3.7

48.9

46.5

4.6

5.0

12.4

4.2

4.3

25

3.3

1.9

1.6
5.59+1.08
1.40 £0.39
12317
496 £1.22
1.58 £0.17
1.27 £ 0.84
0.09 £0.53
3.02+7.96

CVD history = yes
(n =726)
62.3+14.0

43.1

267 +4.2
59.0+18.0

314
50.8
17.8

12.3
12.7
73.1
1.9
6.3

49.2
42.8
8.0

6.5
14.3
54.8
17.8
6.6

54.4

36.2

9.4

11.2

45.7

16.8

17.6

14.0

12.1

6.3

8.0
581+1.01
1.37 £0.41
132+ 20
5.19 £ 1.69
1.62+0.21
1.54+1.18
0.25+£0.58
3.88 + 10.05

WILEY——7

All

(n = 3946)
525+154
42.8
262+42
60.6 +18.0

28.1
53.5
18.4

13.5
17.2
67.7
1.6
52

51.8
35.6
12.6

6.5
9.5
59.4
20.4
4.2

49.9

44.6

55

6.1

18.5

6.5

6.7

4.6

4.9

2.7

2.8
5.63+1.07
1.40 +0.39
125+18
5.00 +1.32
1.59£0.17
1.32+0.91
0.12 £0.55
3.18 + 8.39

(Continues)



158 ZHU ET AL
WILEY
TABLE 1 (Continued)
CVD history = no CVD history = yes All
(n = 3220) (n=726) (n =3946)
Log CRP 0.36 +1.22 0.62 +1.23 0.41+1.22
eGFR (mL/min/1.73 m?) 71.1+£125 634 +14.1 69.7 +13.1
Event outcomes, n (%)
Death 550 (17.1) 339 (46.7) 889 (22.5)
CVD death 192 (6.0) 171 (23.6) 363(9.2)
CVD event 580 (18.0) 364 (50.1) 944 (23.9)
Heart failure event 122 (3.8) 120 (16.5) 242 (6.1)

Data are shown as mean + SD, per cent or number (%) of event outcomes.

CVD, cardiovascular disease; BMI, body mass index; 25(0OH)D, 25-hydroxyvitamin D; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate.

TABLE 2 Adjusted hazard ratio for serum 25-hydroxyvitamin D
as continuous variable in relation to mortality and cardiovascular risk
over the 20-year follow-up

Model 1 Model 2 Model 3
HR (95% Cl) HR (95% CI) HR (95% CI)
Full cohort
All-cause 0.83(0.77,0.90) 0.83(0.77,0.90) 0.84(0.77,0.91)
death
CVD 0.84(0.74,0.96) 0.85(0.74,0.96) 0.82(0.72,0.94)
death
CVD 0.98(0.91,1.06) 0.99(0.92,1.07) 1.00(0.92, 1.08)
events
Heart 0.82(0.70,0.95) 0.81(0.69,0.94) 0.84(0.72,0.98)
failure

CVD-free cohort

All-cause  0.82(0.74,0.92) 0.83(0.74,0.92) 0.84(0.75,0.94)
death

CVD 0.85(0.70,1.03) 0.86(0.71,1.05) 0.87(0.72, 1.06)
death

CVD 0.98(0.89,1.08) 1.00(0.91,1.10) 1.01(0.92,1.12)
events

Heart 0.76 (0.60,0.96) 0.76(0.60,0.96) 0.80 (0.62, 1.02)
failure

CVD, cardiovascular disease; HR, hazard ratio, for a change of 18 nmol/L
(one SD) in serum 25-hydroxyvitamin D.

Cox proportional hazards regression models adjusted for: Model 1: age,
sex, season of blood sampling, taking vitamin D supplements and CVD
history (whole cohort only); Model 2: Model 1 + cholesterol, HDL choles-
terol, smoking, diabetes, systolic blood pressure and hypertension treat-
ment; Model 3: Model 2 + BMI, alcohol consumption, LTPA 150 + mins/
week, log(glucose), log(triglyceride), log(CRP) and eGFR. Bold values
indicate statistical significance at the P < .05 level.

0.84 (95% CI 0.74-0.96) per SD increment in Model 1, and similar
results in Models 2 and 3 (Table 2). The risk of CVD death was
significantly higher in participants in the lower vitamin D category
than in the medium category (Model 1, HR = 1.42, 95% Cl 1.13-
1.79), with similar results in all 3 models (Table 3). When the anal-
ysis was restricted to the CVD-free cohort, HR estimates for CVD

mortality were attenuated and no longer significant (Tables 2 and
3).

There was no significant association between baseline 25(0OH)
D (as either a continuous or categorical variable) and the risk of all
CVD events in the full cohort or the CVD-free cohort (Tables 2 and
3, Figure 1C).

3.4 | Heart failure

In the full cohort, there was a significant inverse relationship between
baseline 25(0OH)D and risk of heart failure, with a HR of 0.82 (95% Cl
0.70-0.95) per SD increment in Model 1 (Table 2). The risk of heart
failure was significantly higher in participants in the lower vitamin D
category compared with the medium category (Model 1, HR = 1.35,
95% Cl 1.02-1.79), with similar results in Model 2, although no longer
significant in Model 3 (Table 3).

In the CVD-free cohort, results were similar, with a HR for heart
failure of 0.76 (95% Cl 0.60-0.96) per SD increment of baseline 25(0H)
D in Model 1, and similar results in Model 2, although no longer sig-
nificant in Model 3 (Table 2). The risk of heart failure was significantly
higher in participants in the lower vitamin D category than in the me-
dium category (Table 3).

The risk in the higher vitamin D category was not significantly dif-
ferent (P > .05) to the risk in the medium category for all the outcomes
(Table 3), and to the risk in the lower category for all outcomes studied,
except for all-cause mortality in Model 1 (HR = 1.26, 95% CI 1.00-
1.57) and Model 2 (HR = 1.28, 95% CI 1.03-2.61).

To provide context for the magnitude of the effect of 25(OH)D, the
effect of a one SD change in 25(0OH)D and other risk factors was com-
pared and in most cases the effect of 25(OH)D was similar to or greater
than that of other risk factors. For example, a one SD change in 25(0OH)D
on CVD death had HR of 0.85 (ie, 15% decrease) which is similar to the
effect of a one SD change in systolic BP (HR = 1.13, ie, 13% increase).

In a further sensitivity analysis, leaving out deaths within first
4 years made negligible difference to results, except that in the
full cohort, the association with CVD death did not reach the sig-
nificance level (HR = 0.88, 95% CI 0.77-1.01 per SD increment of
25(0OH)D).
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TABLE 3 Adjusted hazard ratio
between vitamin D status categories in
relation to mortality and cardiovascular risk
over the 20-year follow-up

3.5 | Levels of vitamin D associated with

increased risk

WILEY——¥

Lower Medium Higher
< 50 nmol/L 50-75 nmol/L 275 nmol/L
n=1109 n=2111 n=726
HR (95% Cl) Reference HR (95% Cl)
Full cohort
All-cause death
Model 1 1.30(1.12,1.51) 1.00 1.04 (0.84, 1.28)
Model 2 1.29 (1.12, 1.50) 1.00 1.01(0.82, 1.24)
Model 3 1.29(1.11,1.50) 1.00 1.05(0.85, 1.29)
CVD death
Model 1 1.42(1.13,1.79) 1.00 1.25(0.90, 1.74)
Model 2 1.40(1.12, 1.76) 1.00 1.20 (0.86, 1.68)
Model 3 1.46 (1.16, 1.85) 1.00 1.20(0.86, 1.69)
CVD events
Model 1 1.10(0.95, 1.28) 1.00 1.17(0.97,1.41)
Model 2 1.07 (0.92, 1.24) 1.00 1.16 (0.96, 1.40)
Model 3 1.07 (0.93, 1.24) 1.00 1.19(0.98, 1.44)
Heart failure
Model 1 1.35(1.02, 1.79) 1.00 0.90(0.59, 1.39)
Model 2 1.33(1.00, 1.75) 1.00 0.85(0.56, 1.31)
Model 3 1.30(0.98, 1.72) 1.00 0.95(0.61, 1.47)
CVD-free cohort
All-cause death
Model 1 1.27 (1.05, 1.53) 1.00 0.97(0.73, 1.29)
Model 2 1.24(1.03, 1.50) 1.00 0.95(0.72, 1.26)
Model 3 1.24 (1.02, 1.49) 1.00 0.99 (0.74, 1.31)
CVD death
Model 1 1.30(0.96, 1.78) 1.00 1.07 (0.64, 1.78)
Model 2 1.20(0.87, 1.64) 1.00 1.02(0.61, 1.70)
Model 3 1.18(0.86, 1.62) 1.00 1.02 (0.61, 1.73)
CVD events
Model 1 1.09 (0.90, 1.32) 1.00 1.11(0.87, 1.43)
Model 2 1.03(0.86, 1.25) 1.00 1.10(0.86, 1.41)
Model 3 1.03(0.85, 1.24) 1.00 1.12(0.87, 1.44)
Heart failure
Model 1 1.53(1.03, 2.25) 1.00 1.10(0.59, 2.06)
Model 2 1.49 (1.01, 2.20) 1.00 1.06 (0.56, 1.97)
Model 3 1.58 (1.06, 2.37) 1.00 1.35(0.71, 2.54)

CVD, cardiovascular disease; HR, hazard ratio.

Cox proportional hazards regression models adjusted for: Model 1: age, sex, season of blood sampling,
taking vitamin D supplements and CVD history; Model 2: Model 1 + cholesterol, HDL cholesterol,
smoking, diabetes, systolic blood pressure and hypertension treatment; Model 3: Model 2 + BMI,
alcohol consumption, LTPA 150 + mins/week, log(glucose), log(triglyceride), log(CRP), eGFR. Bold val-
ues indicate statistical significance at the P < .05 level.

cubic spline regression model. In the full cohort, compared with
participants with a 25(OH)D level of 80 nmol/L, those with 25(0OH)
D < 65 nmol/L had a significantly higher risk of all-cause death (ie,

Figure 1 shows the estimated Model 1 adjusted HRs for each level of 95% Cl is entirely above 1.00) (Figure 1A), and those with 25(OH)
25(OH)D (vs a level of 80 nmol/L) as estimated from the restricted D < 55 nmol/L had a significantly higher risk of CVD death (Figure 1B)
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FIGURE 1 Adjusted hazard ratio (HR) from Model 1, for serum 25-hydroxyvitamin D (25(0OH)D) concentration in relation to risk of all-cause
death (A), cardiovascular disease (CVD) death (B), CVD event (C) and heart failure event (D) based on fitted restricted cubic spline regression
with knots at 45, 75 and 105 nmol/L and using 80 nmol/L as the reference level, adjusted for age, sex, season of blood sampling, taking

vitamin D supplements and CVD history (for analyse in the full cohort only). Solid line is estimated hazard ratio and dotted lines represent 95%
confidence interval. Dotted vertical line indicate the cut-off value below which the risk is significantly higher (95% Cl is entirely above 1.00) than

the risk at 80 nmol/L
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and heart failure (Figure 1D). The results were largely the same in the
CVD-free cohort for all-cause death and heart failure (Figure 1A,D),
but HR estimates were attenuated (closer to 1.0) for CVD death
(Figure 1B).

4 | DISCUSSION

Using a prospective design with 20-year follow-up, our study provides
further evidence for an independent link between vitamin D level and
all-cause mortality, CVD death and heart failure in the general popu-
lation. Our modelling suggested that serum 25(OH)D values below
65 nmol/L were associated with increased hazard of all-cause death,
and values below 55 nmol/L with hazards of CVD death and heart
failure, whereas levels above 80 nmol/L were not associated with fur-
ther reduction in risk. Results were similar in participants who were
free of CVD at baseline, except that associations between vitamin
D and CVD mortality no longer reached statistical significance. The
median 25(0OH)D in our cohort was 58.8 nmol/L which means 50%
participants are potentially at increased risk of mortality, CVD death
and heart failure.

A general problem with evaluating the association of vitamin D
status with mortality and CVD outcomes is reverse causation, as low
vitamin D status could just be an indicator of poor general health and
low outdoor activity level which reduces the cutaneous production of
25(0OH)D. By excluding those who died in the first 2 years, our study
minimized the bias in this regard. Furthermore, a population-based
study reported that the association of vitamin D deficiency with all-
cause and several cause-specific mortalities was independent of tra-
ditional mortality risk factors, self-rated health or frailty.2* Our cohort
had detailed baseline assessment of conventional and lifestyle CVD
risk factors, and these potential confounders were adjusted for in the
extended models, with most of the associations observed remained
significant in Model 3 where physical activity, inflammatory markers
and renal function were further adjusted.

Our results are consistent with previous studies showing that low
vitamin D status is associated with increased all-cause mortality.”
There have also been studies that suggested very high circulating
25(OH)D could be related to increased mortality risk, with a reverse
J relationship.14 This was not evident in our study, but the number of
participants with very high serum 25(OH)D concentrations was small.
In the whole cohort, we found a significant inverse relationship be-
tween serum 25(0OH)D and CVD death, with HRs similar in magnitude
to that for all-cause mortality; however, serum 25(0OH)D was not sig-
nificantly related to all CVD events combined. The reason for this is
not known, but in a previous cohort study, the association with serum
25(OH)D was much stronger for CVD mortality than for CVD events,?
and it has been suggested that vitamin D may be a marker of resilience
to death in the setting of serious illness.?® Consistent with this, the
association of vitamin D with CVD death was significant in the whole
cohort, but not in the CVD-free sub-cohort; other possible explana-
tions for this include reverse causality or lack of statistical power, as
there were fewer events in the CVD-free cohort.

WILEY-

Although serum 25(OH)D levels were not associated with
combined CVD events, we found that lower serum 25(0OH)D was
consistently associated with increased risk of heart failure in the
full cohort and in the CVD-free cohort. This finding is consistent
with longitudinal data from NHANES IIl, in which participants
with serum 25(OH)D levels below 50 nmol/L had increased risk
for heart failure death,* and with results from the RECORD trial,
in which vitamin D supplementation in participants aged over
70 years reduced the risk of heart failure.!* By contrast, two stud-
ies in older adults showed that high parathyroid hormone level
but not low vitamin D status was associated with increased risk of
heart failure.2”28

There are several biological mechanisms by which vitamin D
might plausibly affect cardiovascular risk.! In observational stud-
ies, higher serum 25(0OH)D was associated with reduced blood
pressure,?’ prevention of diabetes,*® reduced inflammation®! and
reduced PTH concentrations, which in turn may affect myocardial
hypertrophy and endothelial dysfunction:®? however, meta-analyses
of RCTs showed that vitamin D supplementation was effective in
reducing PTH levels, but was not effective in lowering blood pres-
sure or improving glucose homoeostasis, whereas the results on re-
ducing inflammation have been inconsistent.? The association of
vitamin D status with heart failure could be due to the fact that
cardiomyocytes express vitamin D receptors, and their structure
and function is influenced by physiological levels of active vitamin
D metabolite.*® One recent study showed that in patients with
chronic heart failure secondary to left ventricular systolic dysfunc-
tion, 1 year of 100 pg daily vitamin D, supplementation had bene-
ficial effects on left ventricular structure and function.® In patients
with New York Heart Association (NYHA) class I-1ll heart failure,
high-dose vitamin D significantly improved NYHA classification and
ejection fraction.®*

Our study has several strengths. Firstly, it was conducted in a
well-characterized community cohort with prospective follow-up of
20 years, which is longer than most previous studies, and we evalu-
ated the associations in both the whole cohort and the CVD-free sub-
cohort. Secondly, baseline CVD was obtained from hospital admission
data during the 15 years before the survey baseline, rather than self-
report, and the use of hospital morbidity and mortality database to
ascertain events removed the risk of retention bias. Thirdly, with com-
prehensive physical, questionnaire and biochemistry data collected in
this cohort, further adjustment could be made for conventional CVD
risk factors as well as other potential lifestyle and biochemical con-
founders. Our study also has limitations. Firstly, the observational
nature of the study means we cannot assume a causal relationship
between vitamin D and study outcomes. Secondly, our study, simi-
lar to most previous studies, only determined serum 25(0OH)D levels
at one single time-point. However, a large study of Norwegian adults
showed significant tracking of serum 25(OH)D concentrations mea-
sured 14 years apart.®® Thirdly, we had few participants with serum
25(OH)D level below 30 nmol/L; therefore, we cannot assess the as-
sociation of very low levels of 25(OH)D with CVD risk and mortal-
ity. In addition, our study sample was from a small geographic area
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of Western Australia and mainly of Anglo-Celtic ancestry; therefore,
generalization of the study findings to other populations should be
exercised with caution.

In conclusion, in a general Australian population who were fol-
lowed up for 20 years, we showed that lower vitamin D status was
independently associated with increased risk for all-cause mortal-
ity, CVD death and heart failure event. Our findings suggest main-
taining serum 25(OH)D level at least above 55 nmol/L is associated
with lower risk for mortality and heart failure. However, changes in
clinical practice and health policy should await the completion of
large scale RCTs designed to test the benefit of vitamin D supple-
mentation on mortality and cardiovascular outcomes in the general

population.*®
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