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ABSTRACT
Objective:We examined the associations between 25-hydroxy vitamin D (25(OH)D3) concentration and the diagnosis and
growth of abdominal aortic aneurysm (AAA).

Methods: AAA cases and healthy controls were recruited from vascular centers or the community. A subset of partici-
pants with AAA were monitored by repeat ultrasound examination to assess AAA growth. Serum 25(OH)D3 concentration
was measured using a validated mass spectrometry method and categorized into guideline-recommended cut-points
after deseasonalization. The associations between deseasonalized 25(OH)D3 concentration and AAA diagnosis and
growth were examined using logistic regression and linear mixed effects modeling.

Results: A total of 4673 participants consisting of 873 (455 controls and 418 cases) from Queensland and 3800 (3588
controls and 212 cases) from Western Australia were recruited. For every 1 standard deviation increase in 25(OH)D3 con-
centration, odds of AAA diagnosis was significantly reduced in both Queensland (adjusted odds ratio: 0.81; 95% confidence
interval [CI]: 0.69-0.95; P ¼ .009) and Western Australia (adjusted odds ratio: 0.80; 95% CI: 0.68-0.94; P ¼ .005) cohorts. A
subset of 310 eligible participants with small AAA from both regions were followed for a median of 4.2 (interquartile range:
2.0-5.8) years. Compared with vitamin D sufficient participants (50 to ˂75 nmol/L), annual mean AAA growth was signif-
icantly greater in those with higher vitamin D ($75 nmol/L) (adjusted mean difference: 0.1 mm/y, 95% CI: 0.1-0.2; P < .001).

Conclusions:High 25(OH)D3 concentration was paradoxically associated with a lower likelihood of AAA diagnosis and faster
AAA growth. Further research is needed to resolve these conflicting findings. (JVSeVascular Science 2024;5:100208.)

Clinical Relevance: The findings of this study suggest that relative vitamin D deficiency increases the risk of abdominal
aortic aneurysm diagnosis, but paradoxically high circulating markers of vitamin D are associated with faster aneurysm
growth. These findings support the need for vitamin D sufficiency not excess, but need validation in other cohorts before
incorporation into clinical management protocols.
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The prevalence of abdominal aortic aneurysm (AAA) is
estimated to be approximately 1.4% in people aged be-
tween 50 and 84 years.1 In 2010, the estimated global
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The only current treatment for AAA is open or endovas-
cular surgery, with randomized controlled trials reporting
no convincing evidence that any drug therapy limits AAA
growth or rupture.3 Current clinical guidelines recom-
mend repeat monitoring of small asymptomatic AAA
(<55 mm in men and <50 mm in women) and consider-
ation of surgical repair for symptomatic, ruptured, or
large asymptomatic AAA.4 Identifying modifiable risk
factors for AAA may lead to new methods to prevent
AAA and limit aneurysm growth.
A number of animal studies have suggested that low

vitamin D status may be involved in the pathogenesis
of AAA.5,6 In one mouse-model study, animals that
were fed with a diet that led to vitamin D deficiency
had substantially larger and more rupture-prone AAAs
compared with control mice.5 Activation of the vitamin
D receptor has been reported to reduce the develop-
ment of angiotensin II-induced AAA and was associated
with reduced aortic inflammation and extracellular ma-
trix remodeling.6 In a previous observational study in
humans, we reported an association between low 25-
hydroxy vitamin D (25(OH)D3) concentration and large
AAA,7 a finding confirmed in a pooled analysis of four
case-control studies.8 In contrast, the Atherosclerosis
Risk in Communities study reported that markers of
vitamin D metabolism were not associated with AAA
diagnosis.9 These studies differed in population, recruit-
ment method, and data collection, which may explain
the disparate findings. Given these prior contradictory re-
sults, further studies are needed to examine any role of
vitamin D deficiency in AAA pathogenesis.7-9 Further-
more, no study has examined the association between
25(OH)D3 concentration and AAA growth. This is impor-
tant because an unmet clinical need is a lack of knowl-
edge about the role of lifestyle modification or
interventions to limit the progression of established
AAAs. The aims of this study were to examine the associ-
ations between 25(OH)D3 concentration and AAA diag-
nosis and growth.

MATERIALS AND METHODS
Study design and participant recruitment. The flow di-

agram illustrating the patient population recruited for
this study is presented in Fig. To assess the association
between 25(OH)D3 concentration and risk of AAA (aim 1),
we conducted a case-control study in participants from
Queensland and Western Australia (WA). Participants
with an aortic diameter of $30 mm confirmed by ultra-
sound imaging were considered to have an AAA.
In Queensland, AAA cases were recruited from an

ongoing prospective cohort study that aims to identify
novel risk factors for peripheral vascular disease diagnosis
and outcomes.10 Control participants were selected from
the D-Health Trial cohort. The D-Health Trial recruited
Australians aged 60 years or more, primarily from a
population register, although a small number of volun-
teers were also recruited (ACTRN12613000743763).11,12

We selected controls who were residents of Queensland
and who had provided a blood sample. The aortic diam-
eter of Queensland controls was not assessed.
In WA, AAA cases were recruited from the Health in

Men Study (HIMS), which was formed from a population
screening trial for AAA in WA.13 Controls were also identi-
fied from the HIMS as having aortic diameter <30 mm
on ultrasound imaging.4

To analyze the association between 25(OH)D3 and AAA
growth (aim 2), we included a subset of AAA cases (aortic
diameter $30 mm) from the case-control study who un-
derwent at least two ultrasound scans a minimum of 6
months apart. The study was conducted with approval
from the ethics committees of Townsville Hospital and
Health Services, James Cook University, University of
Western Australia, and the QIMR Berghofer Medical
Research Institute. AAA cases were recruited from outpa-
tient clinics at Townsville University Hospital, Royal Bris-
bane and Women’s Hospital, and the Mater Hospital
Townsville between February 2008 and November 2015
and the HIMS between 1996 and 1999. The study was per-
formed in accordance with the Declaration of Helsinki,
and all participants provided informed consent, either
written or electronically.

AAA imaging protocol. Experienced sonographers,
who were unaware of the participants’ 25(OH)D3 concen-
trations, measured maximum infrarenal aortic diameters
in the anterior to posterior and transverse orthogonal
planes as previously described.14 The aortic diameter
was measured from the outer to outer walls of the
infrarenal aorta as previously described.15 Excellent
reproducibility of these measurements has been re-
ported.15 AAA was diagnosed by themaximum infrarenal
aortic diameter $30 mm.

Serum 25-hydroxy vitamin D assessment. Serum con-
centration of 25(OH)D3 was measured at Metabolomics
(WA, Australia) using a validated assay.16 The assay was
performed using two-dimensional ultraperformance
liquid chromatography separation coupled tandem
mass spectrometry as previously described.16 The lower
limit of quantification for 25(OH)D3 was 2.0 nmol/L. For
deseasonalization, we applied a previously validated
method in which a sinusoidal model was fitted using the
formula: Actual 25(OH)D3 concentration ¼
b0 þ b1 sin

�
2pt
12

�þ b2 cos
�
2pt
12

�
, where t was the month of

blood collection. We then added the overall mean of
25(OH)D3 concentrations to the obtained residuals from
the sinusoidal model.17 Month-specific mean values of
raw and deseasonalized 25(OH)D3 concentrations of the
included cases and controls are provided in
Supplementary Table I (online only). For analysis of both
aims 1 and 2, we treated deseasonalized 25(OH)D3



Fig. Flow diagram illustrating the allocation of the study participants from Queensland and Western Australia to
the analyses assessing the association between 25(OH)D3 concentrations and abdominal aortic aneurysm (AAA)
diagnosis and growth. *Aortic diameter not available for Queensland controls.

ˇ

AAA confirmed by ultrasound
imaging. 25(OH)D3, 25-Hydroxy vitamin D.
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concentration as a continuous and a categorical variable.
For categorization, we used the established guideline-
recommended cut-points as follows: high $75 nmol/L,
sufficient 50 to <75 nmol/L, and low <50 nmol/L.

Ascertainment of covariates. For the main analysis,
covariates including age, sex, history of smoking, dia-
betes, and hypertension were collected. Additionally for
AAA cases, history of ischemic heart disease, stroke, and
prescription of aspirin, other antiplatelet medications, b-
blockers, statins, and fibrates were also collected from
their medical history after clinical interview and physical
examination. In the WA cohort only, number of years
smoked, number of cigarettes smoked per day, systolic
blood pressure, and prior diagnosis of osteoporosis or
Paget’s disease were collected. Number of years smoked
and number of cigarettes smoked per day were used to
estimate pack-years using the following formula:
Number of cigarettes per day/20 * Number of years
smoked.18 Participants’ smoking history was divided into
nonsmokers, <20, 21-70, and >70 pack-years.

Statistical analyses. We compared the characteristics
of AAA cases and controls using the Mann-Whitney U
or Kruskal-Wallis test (continuous variables) and the c2 or
Fisher exact test (categorical variables). Associations be-
tween deseasonalized 25(OH)D3 concentration and out-
comes were analyzed using logistic regression (AAA
diagnosis) and linear mixed effects (LME) modeling (AAA
growth). In LME models, time was considered a fixed
effect, and participants were treated as random effects.
For both logistic and linear regression models, the
outcome measures were estimated for every 1 standard
deviation (SD, calculated region-wise for diagnosis, and
combined for growth analysis) increase in deseasonal-
ized 25(OH)D3 concentration and according to 25(OH)D3



Table I. Characteristics of all participants recruited for determining the association between deseasonalized 25(OH)D3

concentration and abdominal aortic aneurysm (AAA) diagnosis

Characteristic

Overall Queensland participants Western Australia participants

Controls
(n ¼ 4043)

Cases
(n ¼ 630) P

Controls
(n ¼ 455)

Cases
(n ¼ 418) P

Controls
(n ¼ 3588)

Cases
(n ¼ 212) P

Age, years 70.0 (67.0-74.0) 73.0 (68.0-77.0) <.001 72.0 (68.0-77.0) 74.0 (68.0-78.9) .039 70.0 (67.0-73.0) 71.5 (68.0-74.0) <.001

Male sex, n (%) 3809 (94.2) 569 (90.3) <.001 221 (48.6) 357 (85.4) <.001 3588 (100.0) 212 (100.0) e

Smoking, n (%) <.001 <.001 <.001

Never 1567 (38.8) 84 (13.3) 247 (54.3) 55 (13.2) 1320 (36.8) 29 (13.7)

Past 2206 (54.6) 284 (45.1) 195 (42.9) 253 (60.5) 2011 (56.0) 31 (14.6)

Current 266 (6.6) 262 (41.6) 9 (2.0) 110 (26.3) 257 (7.2) 152 (71.7)

Hypertension, n (%) 1506 (37.2) 394 (62.5) <.001 220 (48.3) 290 (69.4) <.001 1286 (35.8) 104 (49.1) <.001

Diabetes, n (%) 335 (8.3) 102 (16.4) <.001 42 (9.2) 78 (18.7) <.001 293 (8.2) 24 (11.3) .137

Serum 25(OH)D3,
nmol/L

.001 .071 <.001

Median (Q1-Q3) 68.8 (54.5-84.1) 72.3 (57.3-89.1) 81.1 (64.7-95.8) 78.6 (63.4-93.0) 67.6 (53.1-82.0) 59.6 (46.3-74.9)

Low (<50) 719 (17.8) 98 (15.5) 28 (6.2) 40 (10.1) 691 (19.3) 58 (27.4)

Sufficient (50 to <75) 1790 (44.3) 241 (38.3) 157 (34.5) 147 (34.2) 1633 (45.5) 94 (44.3)

High ($75) 1534 (37.9) 291 (46.2) 270 (59.3) 231 (55.7) 1264 (35.2) 60 (28.3)

25(OH)D3, 25-Hydroxy vitamin D; Q1, first quartile; Q3, third quartile.
Continuous variables are shown as median (first quartile e third quartile). Nominal variables are shown as count and percentage. P values represent
overall comparisons between the groups using the Mann-Whitney U or Kruskal-Wallis test (continuous variables) and the c2 or Fisher exact test
(categorical variables). History of hypertension and diabetes were based on self-reporting from participants. Those who did not report a history were
classified as not having the comorbidity. Smoking data were missing for four control participants.
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category. For aim 1, age, sex, history of smoking, hyper-
tension, and diabetes were included in the multivariable
model, and the results are presented as odds ratios and
95% confidence intervals (CIs) for each region separately.
Results from the two states were meta-analyzed using a
random effects model, and outcomes were reported as
odds ratios and 95% CIs. For aim 2, key clinical risk factors
including age, sex, history of smoking, diabetes, and
initial AAA diameter were included in the multivariable
model, and the data from both regions were analyzed
together to improve the power. Differences in AAA
growth are reported as estimates of mean difference
(MD) in annual growth (95% CI). Outliers higher than 4 SD
of residuals from the adjusted model were removed
from the analysis. We used qq-norm plots to assess the
normality of residuals from the LME models. Because of
the marked difference between men and women in the
risk of AAA and the small number of women with growth
data available, we performed additional analyses
restricted to men. Hartigan’s dip test was performed to
assess if the data set had more than one mode in its
distribution due to sampling from two different states.19

The dip statistic (D) essentially measures the distance
between the empirical cumulative density function
(probability distribution of random variables) and the
closest unimodal cumulative density function where
significance represents the presence of more than one
mode. Sensitivity analyses were performed to adjust for
systolic blood pressure and pack-years smoked. Partici-
pants with a prior diagnosis of osteoporosis or Paget’s
disease were excluded from the sensitivity analyses.
Statistical analyses were conducted using R version 4.1.3
(R Foundation for Statistical Computing) employing the
“nlme” and “ggplot2” packages.20,21 Statistical signifi-
cance was considered to be P # .05.

RESULTS

Study participants
A total of 4673 participants of whom 630 had an AAA

and 4043 were controls were recruited. Compared with
controls, AAA cases were significantly more likely to
have a history of smoking, hypertension, and diabetes.
The median age of AAA cases was significantly higher
than that of controls (Table I). Similar differences be-
tween cases and controls were observed in both Queens-
land and WA cohorts (Table I).
For aim 2, a total of 311 AAA cases who had undergone

monitoring of their AAA with at least two ultrasound
scans were identified. After removing the outliers, 310
participants were eligible for analysis. This cohort was fol-
lowed for a median of 4.2 (interquartile range: 2.0, 5.8)
years, during which they had a median of 5 (interquartile
range: 3, 7) scans. Characteristics of participants in this
cohort, overall and according to tertiles of serum
25(OH)D3 concentration, are provided in Table II. The
aortic diameter of AAA cases was significantly higher in
Queensland compared with WA cases (48.6 6 12.9 vs
37.3 6 8.6; P < .001).

Association between 25(OH)D3 concentration and AAA
diagnosis
Queensland cohort. A total of 873 participants (455

controls and 418 AAA cases) were recruited fromQueens-
land, but 4 controls were missing smoking data that was



Table II. Characteristics of the subset of participants (n ¼ 311) included in the analysis of the association between desea-
sonalized 25(OH)D3 concentration and annual mean abdominal aortic aneurysm (AAA) growth (aim 2)

Risk factors N (%)

25 (OH)D3 tertile (nmol/L)

P
Tertile 1, <55.8

(n ¼ 73)
Tertile 2, 55.8-74.1

(n ¼ 122)
Tertile 3, >74.1

(n ¼ 116)

Age, years, median (Q1-Q3) 73.0 (69.0-77.0) 75.0 (69.3-79.3) 75.2 (68.3-79.2) 75.7 (71.4-80.0) .404

Baseline AAA diameter, mm, median (Q1-
Q3)

36.5 (31.3-42.1) 40.8 (37.9-42.3) 42.1 (39.8-46.8) 44.6 (40.1-48.1) .317

Male sex 295 (94.9) 71 (97.3) 119 (97.5) 105 (90.5) .028

Smoking .332

Never 45 (14.5) 15 (20.8) 15 (12.3) 15 (12.9)

Past 216 (69.4) 49 (68.0) 89 (73.0) 78 (67.3)

Current 50 (16.1) 9 (12.5) 18 (14.7) 23 (19.8)

Hypertension 155 (49.8) 42 (57.5) 63 (51.6) 50 (43.1) .136

Diabetes 45 (14.5) 6 (8.2) 18 (14.8) 21 (18.1) .170

Ischemic heart disease 124 (39.9) 32 (43.8) 51 (41.8) 41 (35.3) .436

Aspirin 149 (47.9) 31 (42.5) 65 (53.3) 53 (45.7) .286

Other antiplatelet medications 41 (13.2) 8 (11.0) 13 (10.7) 20 (17.2) .264

b-Blockers 80 (25.7) 15 (20.5) 33 (27.0) 32 (27.6) .510

Statins 183 (58.8) 39 (53.4) 80 (65.6) 64 (55.2) .149

Fibrates 5 (1.6) 1 (1.4) 2 (1.6) 2 (1.7) .982

Serum 25(OH)D3 concentration, nmol/L,
median (Q1-Q3)

68.0 (51.4-84.2) 54.7 (47.8-63.7) 79.4 (74.8-85.7) 106.0 (99.2-116.5) <.001

Deficient <50 73 (23.5) 73 (100.0) 25 (20.5) 0 (0.0)

Sufficient 50 to <75 122 (39.2) 0 (0.0) 94 (77.0) 0 (0.0)

High $75 116 (37.3) 0 (0.0) 3 (2.5) 116 (100.0)

25(OH)D3, 25-Hydroxy vitamin D; Q1, first quartile; Q3, third quartile.
Continuous variables are shown as median (first quartile e third quartile). Nominal variables are shown as count and percentage. The column N (%)
does not apply for age and baseline AAA diameter. There were no missing data in the presented variables. The Kruskal-Wallis test (continuous var-
iables) and the c2 test (categorical variables) were used for calculating P values.
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included as a covariate, so the analysis was restricted to
869 participants. The median (first quartile e third quar-
tile) deseasonalized 25(OH)D3 concentration was not
significantly different in the controls than in the AAA
cases (81.1 [64.7-95.8] nmol/L vs 78.6 [63.4-93.0] nmol/L;
Mann-Whitney U, P ¼ .071). For every 1 SD (25.3 nmol/L)
increase in deseasonalized 25(OH)D3 concentration, the
odds of having an AAA was significantly reduced in both
unadjusted and unadjusted models (Table III).
Compared with those with sufficient 25(OH)D3 concen-
tration, the odds of having an AAA was significantly
greater in participants with low 25(OH)D3 and nonsig-
nificantly lower in those with high 25(OH)D3 concentra-
tions. The findings were similar in analyses restricted to
men, although with wider CIs (Table III).
WA cohort. A total of 3800 male participants (3588

controls and 212 AAA cases) were recruited from WA.
The median (first quartile e third quartile) deseasonal-
ized 25(OH)D3 concentration was significantly higher in
the controls than in the AAA cases (67.6 [53.1-82.0]
nmol/L vs 59.6 [46.3-74.9] nmol/L; Mann-Whitney U,
P < .001). For every 1 SD (22.6 nmol/L) increase in desea-
sonalized 25(OH)D3 concentration, the odds of having an
AAA was significantly reduced in both unadjusted and
adjusted models (Table IV). In analyses where 25(OH)D3

concentration was categorized, we observed that
compared with those with sufficient concentration, the
odds of having an AAA was higher in participants with
low concentrations, and odds were lower in those with
high 25(OH)D3 concentration (Table IV), although the CIs
were consistent with a null finding.

Association between 25(OH)D3 concentration and AAA
growth in Queensland and WA
We observed a significant positive association between

deseasonalized 25(OH)D3 concentration and annual
mean AAA growth (risk factor-adjusted MD for the in-
crease in every 1 SD of 25(OH)D3 [23.84 nmol/L]:
0.1 mm/y, 95% CI: 0.0, 0.1; P < .001) (Table V). Compared
with those who were vitamin D sufficient, annual mean
AAA growth was not significantly different in those who
had low vitamin D. In contrast, having high vitamin D
concentrations was associated with significantly faster
AAA growth (adjusted MD: 0.1 mm/y, 95% CI: 0.1, 0.2;
P < .001). The findings for men (n ¼ 295) were similar
(Table V).



Table III. Association between continuous and categorical deseasonalized 25(OH)D3 concentration and abdominal aortic
aneurysm (AAA) diagnosis in participants from Queensland

25 (OH)D3

Unadjusted model Adjusted model

OR 95% CI P OR 95% CI P

All Queensland participants (451 controls vs 418 cases)

Per 1 SD increase 0.87 0.76-0.99 .043 0.81 0.69-0.95 .009

<50 nmol/L 1.53 0.90-2.62 .120 1.89 1.03-3.54 .043

50 to <75 nmol/L Reference

$75 nmol/L 0.91 0.69-1.22 .536 0.91 0.65-1.27 .578

Men only (219 controls vs 357 cases)

<50 nmol/L 1.34 0.68-2.75 .412 1.70 0.80-3.74 .176

50 to <75 nmol/L Reference

$75 nmol/L 0.98 0.68-1.40 .899 0.90 0.61-1.32 .584

25(OH)D3, 25-Hydroxy vitamin D; CI, confidence interval; OR, odds ratio; SD, standard deviation.
Adjusted model included age, sex, history of smoking, hypertension, and diabetes. Four participants were excluded from analysis due to missing
smoking data.

Table IV. Association between continuous and categorical deseasonalized 25(OH)D3 concentration and abdominal aortic
aneurysm (AAA) diagnosis in male participants from Western Australia

25 (OH)D3

Unadjusted model Adjusted model

OR 95% CI P OR 95% CI P

All Western Australia participants (3588 controls vs 212 cases)

Per 1 SD increase 0.76 0.65-0.88 .001 0.80 0.68-0.94 .005

<50 nmol/L 1.46 1.03-2.04 .029 1.30 0.92-1.84 .133

50 to <75 nmol/L Reference

$75 nmol/L 0.82 0.59-1.15 .255 0.84 0.60-1.17 .301

25 (OH)D3, 25-Hydroxy vitamin D; CI, confidence interval; OR, odds ratio; SD, standard deviation.
Adjusted model included age, history of smoking, hypertension, and diabetes.
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The model fitness, assessed using a qq plot, showed sig-
nificant skewness toward both tail ends, suggesting that
the sample data came from amixture of two different dis-
tributions (Supplementary Fig, online only). Hartigans’ dip
test for unimodality showed P ¼ .004, suggesting that the
residual distribution of the included data set was signifi-
cantly likely to have at least more than one mode.

Sensitivity analyses
Sensitivity analyses suggested that a 1 SD higher 25(OH)

D3 concentration was associated with a lower likelihood
of AAA diagnosis in the adjusted model after excluding
participants with a prior diagnosis of osteoporosis or
Paget’s disease (P ¼ .008; n ¼ 3476; Supplementary
Table II, online only, sensitivity analysis I). The finding
was similar in the same participants when adjustment
for the history of smoking was replaced with pack-years
smoked (Supplementary Table II, online only, sensitivity
analysis II). Findings were also similar irrespective of the
risk factors that were adjusted for when participants
were divided into sufficient, high, and deficient vitamin
D levels (Supplementary Table II, online only).
A further sensitivity analysis excluding participants with
a prior diagnosis of osteoporosis or Paget’s disease from
the growth cohort (n ¼ 172) suggested that higher desea-
sonalized 25(OH)D3 concentration was associated with
significantly faster annual AAA growth after adjusting
for time, age, initial AAA diameter, history of smoking,
and diabetes (0.6 mm/y, 95% CI: 0.3, 0.9; P ¼ .001;
Supplementary Table III, online only, sensitivity analysis
I). Findings were similar when adjustment for the history
of smoking was replaced with pack-years smoked
(Supplementary Table III, online only, sensitivity analysis
II). Findings were also similar irrespective of the risk fac-
tors adjusted for when participants were divided into
vitamin D sufficient, high, and deficient (Supplementary
Table III, online only).

DISCUSSION
The findings suggest that having sufficient 25(OH)D3

concentration could lower the risk of being diagnosed
with AAA. However, exposure to higher concentrations
of 25(OH)D3 in patients with AAA might paradoxically in-
crease the growth rate of small AAAs. This was evident



Table V. Estimates of the association between continuous and categorical deseasonalized 25(OH)D3 concentration and
mean annual abdominal aortic aneurysm (AAA) growth

25 (OH)D3

Unadjusted model Adjusted model

MD, mm/yr 95% CI P MD 95% CI P

All participants (n ¼ 310)

Per 1 SD increase 0.1 0.1-0.1 <.001 0.1 0.0-0.1 <.001

<50 nmol/L 0.0 �0.1 to 0.1 .988 0.0 �0.1 to 0.1 .949

50 to <75 nmol/L Reference

$75 nmol/L 0.1 0.1-0.2 <.001 0.1 0.1-0.2 <.001

Men only (n ¼ 295)

Per 1 SD increase 0.1 0.0-0.1 <.001 0.1 0.1-0.2 .002

<50 nmol/L �0.1 �0.3 to 0.2 .654 �0.1 �0.3 to 0.2 .697

50 to <75 nmol/L Reference

$75 nmol/L 0.6 0.3-0.9 <.001 0.6 0.3-0.9 <.001

25 (OH)D3, 25-Hydroxy vitamin D; CI, confidence interval; IQR, interquartile range; MD, mean difference (reported as change in aortic diameter per
year); SD, standard deviation.
Adjusted model accounted for time, age, sex, initial AAA diameter, history of smoking, and diabetes. Total growth of participants within the reference
group (50 to <75 nmol/L) was 10.8 mm (95% CI: 3.51-18.0) over a median follow-up of 4.2 (IQR: 2.0, 5.8) years.
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after adjustment for risk factors for AAA, and findings
were consistent in a range of sensitivity analyses.
A recent meta-analysis of observational studies re-

ported a significantly lower circulating 25(OH)D3 concen-
tration in participants with AAA than those without.8

However, the inclusions and comparisons were variable.
For instance, one study included participants with
thoracic aortic aneurysms, and another study compared
patients with aortic aneurysm with those with peripheral
artery disease (PAD).22 In the third study, Wong et al7 re-
ported that serum 25(OH)D3 concentration was lower in
patients with large AA than those with small AAA and
was inversely associated with AAA diameter. On the basis
of the findings of their study, Wong et al7 proposed that
vitamin D insufficiency was a risk factor for faster AAA
progression rather than formation. This hypothesis was
not, however, specifically examined. The current findings
were consistent with the previous meta-analysis of obser-
vational studies.8 Nevertheless, in all observational
studies confounding or reverse causality cannot be
excluded. For example, comorbidities that increase risk
of AAA may be associated with reduced sun exposure,
leading to lower 25(OH)D3 concentration. Randomized
controlled trials or Mendelian randomization studies
might help to elucidate the causality of the observed
association.
An unmet clinical need is the knowledge about the role

of modifiable risk factors or treatment to limit AAA
growth. We found no evidence that low 25(OH)D3 con-
centration was associated with faster AAA growth. In
contrast, 1 SD higher 25(OH)D3 concentration was associ-
ated with significantly faster AAA growth, which was
consistent with the analysis of 25(OH)D3 as a categorical
variable. There could be three possible reasons for this
finding. First, vitamin D plays a key role in calcium
metabolism and, in higher concentrations, has been
associated with vascular calcification,23 which is impli-
cated in AAA development, although conflicting findings
exist from animal5,24 and human studies.25-27 It is also
likely that vitamin D metabolism and aortic and bone
metabolism have distinct and complex pathways in
mice and people. Secondly, inadequate control for con-
founders, particularly atherosclerosis, could influence
the observed association.28 Although athero-occlusive
disease is a risk factor for AAA diagnosis, it has been asso-
ciated with slower AAA growth.29 Patients with PAD or
coronary heart disease may have lower 25(OH)D3 con-
centration due to less sunlight exposure, and the associ-
ation between coronary heart disease and vitamin D
deficiency independent of cardiovascular risk factors
has been established.30 PAD has been shown to be asso-
ciated with slower AAA growth.29,31 Importantly, a history
of hypertension was substantially higher in the AAA diag-
nosis data set (62.5%) than in the AAA growth subset
(49.8%) in the current study, suggesting that the findings
may not be representative of the broader AAA popula-
tion. Thirdly, there could be a complex bimodal relation-
ship of 25(OH)D3 concentration with AAA diagnosis and
growth. A similar pattern has been shown in other condi-
tions.32,33 Specifically, vascular calcification has been re-
ported in hypervitaminosis D.34 The multimodal
relationship hypothesis could explain the contrasting as-
sociation of 25(OH)D3 concentration with AAA diagnosis,
where it is protective, and growth pattern where it seems
to be harmful. These findings need to be replicated with
more mechanistic insights before they are used to
inform clinical decision-making.
This study should be considered in light of several lim-

itations. First, Australia is geographically large, and the in-
tensity of ambient ultraviolet radiation varies between
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regions, with greater variability in winter than in summer.
We accounted for the potential influence of this on circu-
lating 25(OH)D3 concentration by recruiting cases and
controls residing in the same state and analyzing the
Queensland and WA participants’ results separately. We
also accounted for seasonal variations by using desea-
sonalized 25(OH)D3 concentration calculated with a vali-
dated method.17 However, it was not possible to
completely rule out residual confounding, and other
key factors such as sample collection at different time
periods, and variability in management of contemporary
and historical population. It is possible that changes in
risk factor management over time may have influenced
the findings. Secondly, the absence of AAA in Queens-
land control participants was not confirmed by ultra-
sound imaging. Based on the WA data, approximately
5.6% of participants screened from the community had
AAA. Therefore, it is likely that some participants in the
Queensland control may have undiagnosed AAA. Thirdly,
because the WA cohort included only men, women were
under-represented in this analysis. Future studies
focused on women with AAA are needed. Lastly,
although AAA growth was significantly faster in partici-
pants with high compared with sufficient vitamin D
levels, this finding needs to be validated and may not
be clinically significant given the small differences
identified.35

CONCLUSIONS
Higher 25(OH)D3 concentration was paradoxically asso-

ciated with reduced odds of diagnosis of aneurysm but
faster AAA growth. Further research is needed to resolve
these conflicting findings.
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Supplementary Fig (online only). Quantile-quantile (Q-
Q) plot showing an overdispersed distribution in the best-
fit model, suggesting the presence of multimodality.
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Supplementary Table I (online only). Month-specific mean values of raw and deseasonalized 25(OH)D3 concentrations of
all the included participants

Month of blood
collection

Raw 25(OH)D3 concen-
trations (mean 6 SD)

Deseasonalized 25(OH)D3

concentrations (mean 6 SD)
Raw 25(OH)D3 concen-
trations (mean 6 SD)

Deseasonalized 25(OH)D3

concentrations (mean 6 SD)

Controls (n ¼ 4043) Cases (n ¼ 630)

January 86.62 6 22.30 82.37 6 22.30 82.45 6 20.90 78.2 6 20.90

February 75.58 6 21.43 68.58 6 21.43 80.55 6 25.57 73.55 6 25.57

March 79.28 6 24.98 71.49 6 24.98 85.43 6 26.76 77.65 6 26.76

April 76.48 6 22.54 70.09 6 22.54 74.67 6 19.32 68.28 6 19.32

May 76.23 6 28.63 73.03 6 28.63 76.53 6 21.30 73.34 6 21.30

June 66.72 6 21.04 67.66 6 21.04 66.07 6 26.34 67.02 6 26.34

July 65.53 6 23.18 70.45 6 23.18 71.47 6 23.12 76.39 6 23.12

August 61.42 6 23.01 69.09 6 23.01 70.63 6 25.19 78.3 6 25.19

September 63.79 6 23.54 72.24 6 23.54 67.21 6 28.22 75.67 6 28.22

October 62.82 6 21.10 69.89 6 21.10 73.53 6 27.15 80.59 6 27.15

November 65.21 6 18.94 69.08 6 18.94 72.39 6 22.29 76.26 6 22.29

December 66.83 6 20.57 66.56 6 20.57 78.73 6 25.91 78.46 6 25.91

25 (OH)D3, 25-Hydroxy vitamin D; SD, standard deviation.

Supplementary Table II (online only). Sensitivity analyses
of the association between continuous and categorical
deseasonalized 25(OH)D3 concentration and abdominal
aortic aneurysm (AAA) diagnosis in Western Australian
participants

25 (OH)D3 OR 95% CI P

Sensitivity analysis I (n ¼ 3476)

Per 1 SD increase 0.81 0.69-0.94 .008

<50 nmol/L 1.24 0.85-1.78 .251

50 to <75 nmol/L Reference

$75 nmol/L 0.76 0.53-1.08 .135

Sensitivity analysis II (n ¼ 3476)

Per 1 SD increase 0.81 0.69-0.95 .010

<50 nmol/L 1.27 0.88-1.83 .198

50 to <75 nmol/L Reference

$75 nmol/L 0.80 0.55-1.13 .207

25 (OH)D3, 25-Hydroxy vitamin D; CI, confidence interval; OR, odds ratio;
SD, standard deviation.
Sensitivity analysis I adjusted for age, history of smoking, hypertension,
and diabetes. Sensitivity analysis II adjusted for age, pack-years
smoked, systolic blood pressure, and diabetes. Both analyses
excluded participants with a prior diagnosis of osteoporosis or Paget’s
disease and included the same participants.

Supplementary Table III (online only). Sensitivity analysis
of the association between continuous and categorical
deseasonalized 25(OH)D3 concentration and abdominal
aortic aneurysm (AAA) growth in Western Australian
participants

25 (OH)D3

MD
(mm/y) 95% CI P

Sensitivity analysis I (n ¼ 172)

Per 1 SD increase 0.6 0.3 to 0.9 .001

<50 nmol/L e1.5 e2.2 to e0.7 <.001

50 to <75 nmol/L Reference

$75 nmol/L 0.0 e0.7 to 0.8 .985

Sensitivity analysis II (n ¼ 172)

Per 1 SD increase 0.6 0.3-0.9 <.001

<50 nmol/L e1.7 e2.4 to 0.9 <.001

50 to <75 nmol/L Reference

$75 nmol/L 0.0 e0.8 to 0.7 .911

25(OH)D3, 25-Hydroxy vitamin D; CI, confidence interval; MD, mean
difference (reported as change in aortic diameter per year); SD, stan-
dard deviation.
Sensitivity analysis I adjusted for time, age, initial AAA diameter, history
of smoking and diabetes. Sensitivity analysis II adjusted for time, age,
initial AAA diameter, pack-years, and diabetes in the same participants.
Both analyses excluded participants with a prior diagnosis of osteo-
porosis or Paget’s disease and included the same participants.
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