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Abstract

Background and aims: Despite its strong link to cardiovascular outcomes, the association of
chronic kidney disease (CKD) with abdominal aortic aneurysm (AAA) has not been explicitly and
comprehensively investigated.

Methods: In 10,724 participants in the Atherosclerosis Risk in Communities Study (aged 53-75
years during 1996-1998), we evaluated the associations of two key CKD measures—estimated
glomerular filtration rate (eGFR) and urine albumin-to-creatinine ratio (ACR) - with incident AAA
(AAA diagnosis in outpatient, hospitalization discharge, or death records). Additionally, we
performed a cross-sectional analysis for the CKD measures and ultrasound-based abdominal aortic
diameter in 4,258 participants during 2011-2013.

Results—During a median follow-up of 13.9 years, 347 participants developed AAA. The
demographically-adjusted hazard ratio (HR) was 4.44 (95% CI 1.58-12.49) for eGFR <30, 3.29
(1.89-5.72) for 30-44, 2.03 (1.29-3.19) for 45-59, and 1.62 (1.11-2.35) for 6074 compared to
eGFR 290 ml/min/1.73m? and was 2.49 (1.28-4.87) for ACR =300, 1.99 (1.40-2.83) for 30—299,
and 1.46 (1.08-1.97) for 10-29 compared to ACR <10 mg/g. The associations were generally
similar after accounting for additional confounders, such as smoking (although attenuated), or
after stratifying by subgroups, including diabetes. The cross-sectional analysis also showed
continuous positive associations of these CKD measures with aortic diameter, particularly at the
distal aortic segment assessed.
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Conclusions: Reduced eGFR and elevated albuminuria were independently associated with
greater incidence of AAA and greater abdominal aortic diameter. Our results suggest the potential
usefulness of CKD measures to identify persons at high risk of AAA and the need to investigate
pathophysiological pathways linking CKD to AAA.
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Introduction

Chronic kidney disease (CKD), defined as reduced kidney function or kidney damage, is a
major global public health problem,?: 2 affecting 10-20% of adults in many countries of the
world.3-% CKD increases risk of various adverse outcomes such as cardiovascular disease
(CVD) and infectious diseases.”- 8 The investigation of the link between CKD and CVD is
particularly important since up to half of individuals with CKD die from CVD.®
Accordingly, numerous studies have investigated the association of kidney function and/or
damage with major CVDs such as CVD mortality, coronary heart disease, stroke, and heart
failure.19-14 However, data are sparse for other subtypes of CVD, despite their potential
impact on prognosis and quality of life.1

In this context, abdominal aortic aneurysm (AAA) is an important CVD subtype, as it
constitutes the 141" leading cause of death in the US (10™ in older men).16 Prevention and
early detection of AAA is critical given its potential for continued enlargement and
catastrophic rupture, which has an estimated mortality risk of 65%-85%.16: 17 The few
existing studies of the association of CKD with AAA have all been cross-sectional and
yielded conflicting results.28-20 Furthermore, to our knowledge, there are no studies
investigating albuminuria, the other key measure of CKD representing kidney damage,?! as
a risk factor for AAA.

Therefore, using data from a community-based cohort, the Atherosclerosis Risk in
Communities (ARIC) Study, our main aim was to evaluate the prospective associations of
both kidney function and albuminuria with future risk of AAA over 15 years of follow-up.
The ARIC Study also provided us an opportunity to cross-sectionally evaluate the
associations of CKD measures with abdominal aortic diameter assessed by ultrasound at a
recent visit.

Materials and methods

Study design and population

The ARIC Study enrolled 15,792 men and women from four US communities (Washington
County, Maryland; suburban Minneapolis, Minnesota; Jackson, Mississippi; and Forsyth
County, North Carolina) in 1987-1989.22 Participants were aged 45-64 years old at study
initiation and predominantly white or black. The current study contained two sets of
analyses, a survival analysis with incident clinical AAA as the outcome and a cross-sectional
analysis with abdominal aortic diameter as the dependent variable. For the survival analysis,
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we used ARIC visit 4 (1996-1998) as baseline, when albuminuria was assessed for the first
time in the ARIC Study. Of 15,792 ARIC participants, 11,656 participants attended visit 4.
After excluding participants who did not self-identify as white or black (n=31), those with
missing values of creatinine, cystatin C, or alouminuria (n=440), those with missing
covariates (n=396), and those with a clinical history of AAA prior to visit 4 or missing
follow-up (n=65), the survival analysis included 10,724 participants. For the cross-sectional
analysis, we used data at visit 5, when abdominal ultrasound was performed. Of 6,538
participants at visit 5 (2011-2013), we excluded participants from racial groups other than
white or black (n=18), those with missing values of any kidney measures (n=820), those
with missing covariates (n=1,086), and those with missing or uninterpretable aortic
ultrasound imaging (n=356), leaving the cross-sectional study sample of 4,258 participants.

CKD measures

Covariates

As a measure of kidney function, estimated glomerular filtration rate (eGFR) was calculated
with the CKD-EPI equation using two filtration markers, creatinine and cystatin C, as well
as age, sex, and race, since this equation is considered to best estimate measured GFR.23 As
a measure of kidney damage, urine albumin-to-creatinine ratio (ACR) was used, as
recommended in clinical guidelines.?! At visit 4 for the prospective analysis, plasma
creatinine concentration was measured using a modified kinetic Jaffe method and then
standardized to isotope dilution mass spectrometry.24 Serum cystatin C was measured by a
particle-enhanced immunonephelometric assay with a BNII nephelometer (Siemens
Healthcare Diagnostics, Deerfield, lllinois, USA)25. Urine albumin was measured using a
nephelometric method while urine creatinine was measured with the Jaffe method.2> At visit
5 for the cross-sectional analysis, urine/serum creatinine and cystatin C were measured using
a creatinase enzymatic method with a Roche Modular P Chemistry Analyzer (Roche
Diagnostics, Indianapolis, IN) and the Gentian Cystatin C Immunoassay with the Beckman
Coulter Olympus AU400 analyzer (Beckman Coulter, Brea, CA), respectively. Urine
albumin was measured using an immunoturbidometric method on the ProSpec
nephelometric analyzer (Dade Behring GMBH. Marburg, Germany).

Covariates for analysis came from the relevant ARIC visit 4 or 5 examination. Information
on age, race, sex, smoking, and alcohol intake were based on self-report. Diabetes mellitus
was defined as a fasting glucose =7.0 mmol/L, non-fasting glucose =11.1 mmol/L, self-
reported physician diagnosis of diabetes, or use of antidiabetic medications. The use of
medications, including antidiabetics and antihypertensives, was based on self-report and
inspection of medication bottles brought by participants. Body mass index was calculated as
body weight (kg) divided by the square of height (m). Blood pressure was measured twice at
visit 4 and thrice at visit 5 in the sitting position after 5 minutes of rest, and the average of
the last two values was recorded for the analysis. Total cholesterol and high-density
lipoprotein cholesterol were measured using enzymatic methods. History of coronary heart
disease, stroke, and heart failure were determined by self-report at visit 1 and subsequent
clinical events identified during the follow-up of the ARIC Study.26
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Outcome variables: incident clinical AAA and abdominal aortic diameter

The ARIC Study identified incident clinical AAAs through 2011 according to a few
strategies, details of which were published elsewhere.27: 28 Briefly, during annual follow-up
telephone calls (semi-annual from 2012) ARIC staff asked participants (or their family
members when appropriate) about any interim hospitalizations or deaths. In case of such
events, the ARIC Study sought to obtain detailed records (e.g., medical records and death
certificates). The ARIC Study also performed surveillance of local hospitals to identify
additional hospitalizations or deaths. Additionally, the ARIC Study linked participant
identifiers to data at the Centers for Medicare and Medicaid Services (CMS) to find any
additional clinical events (both inpatient and outpatient) for those aged =65 years. We
defined clinical AAAs as hospitalizations from any source or two CMS outpatient claims (at
least a week apart) with the ICD-9 codes of 441.3 (abdominal aneurysm, ruptured), 441.4
(abdominal aneurysm without mention of rupture), 38.44 (resection of vessel with
replacement, aorta, abdominal) or 39.71 (endovascular implantation of other graft in
abdominal aorta) or deaths with the ICD-9 or 10 codes of 441.3, 441.4, 171.3 (abdominal
aortic aneurysm, ruptured) or 171.4 (abdominal aortic aneurysm, without rupture). AAAs
based on the procedure codes were required to be verified by diagnosis codes.

Abdominal ultrasound was performed at visit 5 (2011-2013). Certified technicians obtained
images and measured aortic diameter, using a Philips iE33 high resolution duplex scanner
and a Philips C5-1 transducer.2”- 28 Technicians recorded transverse images at the proximal
aorta (just below the superior mesenteric artery), the mid aorta (2 cm below the renal
arteries), the distal aorta (1 cm above the bifurcation), and the point of maximal aortic
diameter if it was found in a part other than the three points mentioned above. Using these
images, technicians measured anterior-posterior and transverse diameters of abdominal
aorta. A radiologist with expertise in vascular imaging reviewed images when the
technicians reported abdominal aortic diameter >2.8 cm or probable pathology, as well as a
5% random sample of the rest.

Statistical analysis

All analyses were conducted using Stata 13 software (Stata Corp, College Station, TX), and
a two-tailed p-value of less than 0.05 was considered statistically significant. Baseline
characteristics were summarized by eGFR < vs. 60 ml/min/1.73m?2 and ACR > vs. <30
mg/g at both visit 4 (baseline for survival analysis of incident clinical AAAs) and visit 5 (for
cross-sectional analysis with abdominal aortic diameter). Continuous and categorical
variables were compared between these eGFR and ACR categories using ANOVA and chi-
square tests, as appropriate.

For survival analysis, we first assessed continuous associations between each CKD measure
at visit 4 and subsequent incidence rates of clinical AAA after the adjustment for age, sex,
race, and center using Poisson regression models. eGFR and ACR were modeled as linear
spline terms with knots at eGFR 45, 60, 75, and 90 ml/min/1.73m? and ACR 10, 30, and 300

mg/g.
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Subsequently, Cox proportional hazards models were used to quantify the association
between clinical categories of each CKD measure and incident AAA. eGFR was categorized
into =90, 75-89, 60-74, 45-59, 30-44, and <30 ml/mm/1.73m? and ACR into <10, 10-29,
30-299, and =300 mg/g.2! We constructed two models to evaluate the impact of potential
confounding variables. Model 1 included demographic variables, i.e., age, sex, race, and
center. Model 2 further adjusted for traditional CVD risk factors, i.e., alcohol intake, body
mass index, systolic/diastolic blood pressure, antihypertensive medication, diabetes,
smoking (current vs. never/former), total cholesterol, and high-density lipoprotein
cholesterol, prevalent stroke, coronary heart disease, and heart failure, as well as each CKD
measure (i.e., accounting for ACR in the eGFR analysis and vice versa). P for trend was
evaluated from the models with a linear term of eGFR and ACR. We also performed
subgroup analyses (a) modeling log-ACR and eGFR linearly and (b) cross-categorizing
ACR and eGFR, with eGFR <30 and 30-44 ml/min/1.73m?2 merged into a single category to
enhance precision.

For the cross-sectional analysis of CKD measures and ultrasound abdominal aortic diameter
using data from visit 5, we ran linear regression models with the same selection of covariates
for Models 1 and 2, described above. eGFR and ACR were modeled continuously and
categorically as in the survival analysis. One exception was the use of eGFR 75-89 ml/min/
1.73 m? as the reference, given the lower proportion of participants with eGFR =90 ml/min/
1.73 m2 at visit 5 (when participants were on average 15 years older than at visit 4).2°

Baseline characteristics at ARIC visit 4

The mean age of the 10,724 participants at visit 4 for our survival analysis was 63.3 (SD 5.6)
years, and 22.0% were black (Table 1). The prevalence of current and former smoking was
14.9% and 43.6% respectively. Compared to their normal counterparts, participants with low
eGFR <60 ml/min/1.73m? and high ACR =30 mg/g tended to have poorer risk factor profiles
(e.g., older age, higher body mass index, and higher prevalence of diabetes, hypertension,
coronary heart disease, stroke, and heart failure). The prevalence of current smoking was
higher in participants with ACR =30 mg/g compared to ACR <30 mg/g but did not differ
between the two eGFR categories. Lipid profiles were not evidently different between eGFR
and ACR categories.

Survival analysis with CKD measures at visit 4

During a median follow-up of 13.9 years, there were 347 cases of clinical AAA (incidence
rate 2.5 per 1,000 person-years). After adjustment for age, race, sex, and center, the
incidence rate of clinical AAA was steadily greater across lower eGFR categories (Figure
1A). The incidence rate was largely flat above eGFR 90 ml/min/1.73m2. ACR demonstrated
a graded positive association with clinical AAA incidence, although a risk gradient was not
evident above ACR 300 mg/g (Figure 1B).

Similar associations were observed when clinical categories of eGFR and ACR were
evaluated (Tables 2 and 3). Adjusted for demographic variables (Model 1 in Table 2), the
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hazard ratio (HR) was 4.44 (95% CI 1.58-12.49) for eGFR <30, 3.29 (1.89-5.72) for 30-44,
2.03 (1.29-3.19) for 45-59, and 62 (1.11-2.35) for 60~74 ml/min/1.73 m2 compared to
eGFR =90 (pfor trend <0.001). Although the associations were attenuated in Model 2, the
general pattern was consistent (p for trend 0.035).

In analyses with ACR <10 mg/g as the reference, the demographically adjusted HR was 2.49
(1.28-4.87) for 2300 and 1.99 (1.40-2.83) for 30-299 mg/g (p for trend <0.001) (Model 1 in
Table 3). Of note, even high normal ACR 10-29 mg/g demonstrated a statistically significant
HR of AAA (1.46 [1.08-1.97]). The associations were generally similar after further
adjusting for other potential confounding variables (p for trend 0.005) (Model 2 in Table 3).

Both lower continuous eGFR and higher continuous ACR demonstrated largely consistent
results in key demographic and clinical subgroups without any significant interactions
(Figure 2). Although not statistically significant, both CKD measures tended to be more
strongly related to AAA risk in current and former smokers compared to never smokers. The
analysis with cross-categories of eGFR and ACR confirmed their independent and
multiplicative associations with clinical AAA incidence (p for interaction 0.653)
(Supplemental Figure 1).

Cross-sectional analysis at visit 5

At visit 5, the mean age of the 4,258 participants with available ultrasound measures was
76.1 (SD 5.1) years, and 22.4% were black. Similar to visit 4 (Table 1), participants with
eGFR <60 ml/min/1.73m?2 and ACR =30 mg/g showed poorer risk factor profiles compared
to their counterparts, particularly, in terms of the prevalence of diabetes, hypertension, and a
history of other CVDs (Supplemental Table 1).

When the maximum diameter at any part of the imaged abdominal aorta was modeled as the
dependent variable with adjustment for demographic variables, both lower eGFR and higher
ACR were modestly but continuously associated with greater diameter (Supplemental Figure
2). The associations were similar for clinical categories of eGFR and ACR (Supplemental
Tables 2-3), although none of the eGFR categorical associations reached statistical
significance in Model 2. In terms of each imaged segment of the aorta (i.e., proximal, mid,
and distal), for both eGFR and ACR, the associations appeared strongest for the distal aorta
(e.g., adjusted mean difference in diameter between ACR =300 vs. <10 mg/g +0.15 cm [95%
Cl +0.08 to +0.22] in the distal aorta versus +0.01 cm [-0.05 to +0.07] in the proximal
aorta).

We observed generally consistent results in most demographic and clinical subgroups
(Supplemental Figure 3). An exception was the consistently stronger associations for both
eGFR and ACR in current and former smokers compared to never smokers. Another
significant interaction was observed between eGFR, but not ACR, and sex, with a stronger
inverse association of eGFR and aortic diameter in men than in women.
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Discussion

This community-based study demonstrated that the two key measures of CKD, eGFR and
albuminuria, were associated with incident clinical AAA. The associations were generally
independent of each other as well as measured risk factors for AAA and were largely
consistent across key subgroups, although the associations appeared stronger in current and
former smokers than in never smokers. Moreover, using ultrasound we confirmed cross-
sectional associations of eGFR and albuminuria with greater abdominal aortic diameter,
particularly for the distal aorta.

To the best of our knowledge, this is the first prospective study quantifying the association of
reduced kidney function with greater incidence of AAA. This is important since previous
cross-sectional studies reported conflicting results.18-20 |In addition to the prospective
design, another potential strength of our study is that we used a robust equation for
estimating eGFR using two filtration markers, creatinine and cystatin C, which has been
shown to better estimate measured GFR and predict CKD complications than eGFR based
on creatinine alone.23

In addition, our study uniquely found that albuminuria was independently and positively
associated with incident AAA and abdominal aortic diameter. This finding is consistent with
the robust associations between albuminuria and other forms of CVD reported in previous
studies.11-13. 26 On the other hand, this result is not entirely consistent with the inverse
association between diabetes and AAA,30: 31 since diabetes is a major cause of albuminuria.
21 Although it is still under debate whether diabetes is actually protective against AAA,30. 31
in our study, we did observe that participants with diabetes had lower risk of incident AAA
compared to those without diabetes (data not shown). In this context, it is noteworthy that
we did not observe that diabetes status modified the association between albuminuria and
risk of incident AAA or abdominal aorta diameter.

There are several plausible mechanisms linking CKD to the risk of AAA. First, CKD and
AAA share traditional risk factors such as hypertension and smoking.32 However, the
association between CKD and AAA remained significant even after accounting for these
factors, in addition to a wide range of other potential confounders. Second, matrix
metalloproteinases may mediate the CKD-AAA relationship since they play key roles in the
pathogenesis of AAA,33 as well as kidney fibrosis3* and albuminuria.3> Third, CKD induces
systemic inflammation, a condition considered to increase the risk of AAA.27: 36 Finally,
neovascularization has been reported to play an important role in the pathophysiology of
AAA 3 and given that CKD is a clinical phenotype of microvascular disease, it is possible
that those with CKD are more likely to have abnormal aortic neovascularization compared to
those without CKD.38 Nonetheless, future studies are needed to explore these and other
pathophysiological mechanisms, which may link CKD, particularly albuminuria, to AAA.

There are a few clinical and research implications from our study. CKD measures may be

useful to identify persons at particularly high risk of developing or having AAA. Given that
serum creatinine is routinely measured in clinical practice 3° and evaluation of albuminuria
is recommended in patients with diabetes and hypertension,4%: 41 CKD measures may guide
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targeted screening of AAA, particularly when these are already measured for some clinical
indications. This aspect is important since who should undergo ultrasound for screening
AAA is still controversial, particularly screening for never smokers and women.*2 In
addition, future research will be needed to investigate pathophysiological pathways linking
CKD to AAA. In this context, the potentially tangled relationship among albuminuria,
diabetes, and AAA will be of particular interest.

Although our study had a number of strengths, several limitations should be mentioned.
First, clinical AAA identification relied on ICD codes. Nonetheless, we confirmed similar
results using ultrasound assessed abdominal aortic diameters. Second, ultrasound was not
performed at the study baseline. Thus some participants might have had AAAs at the start of
our survival analysis. Nonetheless, such prevalent cases should be few, because the rate of
AAA is relatively low in subjects less than 75 years and we excluded participants who had
AAA repair before visit 4. Third, the lack of baseline abdominal ultrasound also precluded
us from assessing whether CKD measures are associated with changes in abdominal aortic
diameter over time. Finally, although we adjusted for a number of potential confounders, our
results may still experience residual confounding (e.g., family history of AAA).

In conclusion, both eGFR and albuminuria were prospectively associated with incident
clinical AAA, independently of each other and potential confounding variables. We
confirmed similar associations using cross-sectional data on aortic diameter based on
ultrasound. Taken altogether, our results suggest the potential usefulness of CKD measures
to identify persons at high risk of AAA and the need to investigate pathophysiological
pathways linking CKD (particularly albuminuria) to AAA.

Supplementary Material
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Highlights:
. Chronic kidney disease was positively related to incident clinical abdominal
aortic aneurysm.
. Both kidney function and damage showed independent associations.
. We also confirmed greater ultrasound-based aortic diameter related to chronic

kidney disease.
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Figure 1.
Incidence rate of AAA hospitalizations per 1,000 for CKD measures, adjusted for age,

gender, race, and center. (A) eGFR, (B) ACR.
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Figure 2.

Fully adjusted hazard ratio associating CKD measures with incident AAA within subgroups.
Adjusted for age, gender, race, center, smoking status, alcohol intake, BMI, systolic and
diastolic blood pressures, anti-hypertensive medication, diabetes, total and HDL
cholesterols, prevalent stroke, CHD, HF, and each of CKD measures as appropriate.
“Overall” indicates overall study sample. (A) eGFR, (B) ACR.
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Table 1.

Baseline characteristics at visit 4 according to CKD status, ARIC, 1996-1998

eGFR (mL/min/1.73 m?) ACR (mg/g)
260 <60 p-value <30 230 p-value

Number 9,522 1,202 9,837 887
Age, years (SD) 63 (6) 67 (5) <0.001 63 (6) 65 (6) <0.001
Black, % 2136 (22%) 228 (19%) 0.006 2028 (21%) 336 (38%) <0.001
Female, % 5338 (56%) 687 (57%) 0.471 | 5556 (56%) 469 (53%) 0.038
Center, % <0.001 <0.001

Forsyth County, NC 2343 (25%) 303 (25%) 2482 (25%) 164 (18%)

Jackson, MS 1887 (20%) 200 (17%) 1784 (18%) 303 (34%)

Suburban Minneapolis, MN 2780 (29%) 302 (25%) 2912 (30%) 170 (19%)

Washington County, MD 2512 (26%) 397 (33%) 2659 (27%) 250 (28%)
Smoking status, % 0.611 <0.001

Non-smoker 3968 (42%) 483 (40%) 4128 (42%) 323 (36%)

Former smoker 4143 (43%) 535 (45%) 4304 (44%) 374 (42%)

Current smoker 1411 (15%) 184 (15%) 1405 (14%) 190 (21%)
Drinking status, % <0.001 <0.001

Non-drinker 1900 (20%) 308 (26%) 1987 (20%) 221 (25%)

Former drinker 2782 (29%) 420 (35%) 2879 (29%) 323 (36%)

Current drinker 4840 (51%) 474 (40%) 4971 (51%) 343 (39%)
Anti-HTN medication, % 3810 (40%) 818 (68%) <0.001 | 3992 (41%) 636 (72%) <0.001
Diabetes, % 1486 (16%) 288 (24%) <0.001 | 1387 (14%) 387 (44%) <0.001
Prevalent stroke, % 173 (2%) 58 (5%) <0.001 184 (2%) 47 (5%) <0.001
Prevalent HF, % 426 (4%) 145 (12%) | <0.001 | 442 (4%) 129 (15%) <0.001
Prevalent CHD, % 700 (7%) 182 (15%) <0.001 722 (1%) 160 (18%) <0.001
BMI, kg/m? (SD) 29 (6) 30 (6) <0.001 29 (6) 30 (6) <0.001
SBP, mmHg (SD) 127 (19) 131(22) <0.001 126 (18) 141 (23) <0.001
DBP, mmHg (SD) 71 (10) 70 (11) <0.001 71 (10) 74 (12) <0.001
HDL cholesterol, mmol/L (SD) 1.3(0.4) 1.2 (0.4) <0.001 1.3(0.4) 1.2 (0.5) 0.001
Total cholesterol, mmol/L (SD) 5.2 (0.9) 5.2 (1.0) 5.2 (0.9) 52(1.1) 0.828
eGFR, mL/min/1.73 m? (SD) 82 (12) 49 (10) <0.001 79 (15) 70 (23) <0.001
ACR, mg/g [1QI] 3.6[1.7-7.3] | 5.1[2.3-19.5] | <0.001 | 3.3[1.6-6.3] | 83.9[46.4-252.1] | <0.001
Incident AAA, % 280 (3%) 67 (6%) <0.001 302 (3%) 45 (5%) 0.001

Page 14

Values are mean (SD), n (%), or median [interquartile interval, 1QI]. CKD: chronic kidney disease, CHD: coronary heart disease, HF: heart failure,
BMI: body mass index, BP: blood pressure, HDL: high density lipoprotein, eGFR: estimated glomerular filtration rate, ACR: urine albumin-to-
creatinine ratio, AAA: abdominal aortic aneurysm.
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