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Abstract

Background Hemoglobin ATc (HbATc), a“gold standard” for the assessment of glycemic control, was associated with
an increased risk of cardiovascular disease and coronary artery calcification. However, its effects on abdominal aortic
calcification (AAC) are uncertain. The present study comprehensively investigated the association between HbATc
and AAC in the 2013-2014 National Health and Nutrition Examinations Surveys.

Methods Among 1,799 participants > 40 years, dual-energy X-ray absorptiometry-derived AAC was quantified using
the Kauppila score (AAC-24). Severe AAC was defined as a total AAC-24 > 6. Weighted linear regression models and
logistic regression models were used to determine the effects of HbATc on AAC. The restricted cubic spline model
was used for the dose-response analysis.

Results The mean AAC-24 of participants was 1.3, and 6.7% of them suffered from severe AAC. Both AAC-24 and the
prevalence of severe AAC increased with the higher tertile of HbATc (P<0.001). Elevated HbA1c levels would increase
the AAC-24 (3=0.73,95% Cl: 0.30-1.16) and the risk of severe AAC (OR=1.63, 95% Cl: 1.29-2.06), resulting in nearly
linear dose-response relationships in all participants. However, this positive correlation were not statistically significant
when participants with diabetes were excluded. Furthermore, subgroup analysis showed significant interactions
effect between HbA1c and hypertension on severe AAC with the OR (95% Cl) of 2.35 (1.62-3.40) for normotensives
and 1.39 (1.09-1.79) for hypertensives (P for interaction=0.022).

Conclusion Controlling HbA1c could reduce AAC scores and the risk of severe AAC. Glycemic management might
be a component of strategies for preventing AAC among all participants, especially normotensives.
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Background

Cardiovascular disease (CVD) is the leading cause of
premature death and a major chronic disability for all
regions of the world [1, 2]. Atherosclerosis, a manifes-
tation of CVD, is characterized by several conditions
including calcification within arteries [3]. These athero-
sclerotic calcifications are common in the abdominal
aorta [4]. The prevalence of abdominal aortic calcifica-
tion (AAC) was more than 85% in those aged over 65
years old [5]. Considering the universality of AAC and its
prognostic value for CVD [6, 7], exploring its risk factors
can contribute to complementing current evidence for
CVD primary prevention.

Diabetes, a significant independent cardiovascular risk
factor, contributes to the development of arterial calcifi-
cation (AC) through multiple mechanisms [8]. The level
of hemoglobin Alc (HbAlc) is a “gold standard” for the
assessment of glycemic control [9]. Previous studies have
investigated the effects of HbAlc on AC, especially coro-
nary artery calcification (CAC). The cross-sectional and
longitudinal study showed that higher HbA1lc is indepen-
dently associated with advanced CAC progression among
individuals with or without diabetes [10, 11]. Previous
studies have reported that CAC is rarely present without
AAC, and AAC typically predates CAC [4]. Besides, AAC
can be quickly and easily captured using low to negligible
radiation exposure compared with assessing CAC [7].
Therefore, verifying the effects of HbAlc on AAC may
complement existing primary prevention strategies for
AC and future CVD.

The evidence on the correlation between HbAlc and
AAC is limited. The Jackson Heart Study (JHS) have
found that HbAlc was associated with the presence and
extent of AAC among African Americans [12]. However,
whether this relationships exist among other ethnic par-
ticipants still needs to be investigated. Additionally, an
analysis of 73 prospective studies (n=294 998) showed
that there was an approximately J-shaped association
between HbAlc values and CVD risk [13]. However, a
non-linear Mendelian randomization analysis in 373 571
white British participants from the UK Biobank indi-
cated that the shape of the effect of genetically predicted
HbA1c on cardiovascular outcomes was likely linear [14].
AAC is an independent risk of CVD, whether the shape
of the effect of HbAlc on AAC is linear needs further
research.

Therefore, the purposes of the current study were to
assess the association between HbAlc and AAC among
1 799 participants>40 years of age from the National
Health and Nutrition Examination Survey (NHANES).
We hypothesized that elevated HbAlc was associated
with increased risk of AAC and there was a linear dose-
response relationship between them.
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Methods

Study population

Data from the NHANES conducted by the National Cen-
ter for Health Statistics (NCHS) was used in the cur-
rent study. The detailed designs and protocols for the
NHANES have been illustrated previously [15]. Briefly,
it is an ongoing nationally-representative cross-sectional
survey designed to monitor the health and nutritional
status of adults and children across the United States
using a stratified, multi-stage, and probability sampling
method. The original data are publicly available at https://
www.cdc.gov/nchs/nhanes/.

The current study was based on data from the 2013—
2014 NHANES cycle since AAC status was only inves-
tigated in this survey cycle. In total, 10 175 participants
were enrolled and 314 participants>40 years of age had
available AAC data. Of these participants, we excluded
83 participants with missing data on HbAlc and 1 258
participants with missing data on covariates, such as
demographics, lifestyle factors, examination data, and
laboratory data. Finally, a total of 1 799 participants were
available for the analyses (Fig. 1).

The NHANES was approved by the National Cen-
ter for Health Statistics Research Ethics Review Board.
Informed consent was obtained from each participant
before the survey.

Independent and outcome definitions

The independent variable was HbAlc levels in whole
blood specimens. HbAlc, a percentage of the total
amount of hemoglobin in the sample, was measured
using the Tosoh Automated Glycohemoglobin Analyzer
HLC-723G8, which applies non-porous ion exchange,
high-performance liquid chromatography and micro-
computer technology to obtain a quick and accu-
rate measurement. The detailed laboratory procedure
manual of blood sample collection and processing is
publicly available at https://wwwn.cdc.gov/nchs/data/
nhanes/2013-2014/labmethods/GHB_H_MET_GLYCO-
HEMOGLOBIN.pdf. HbAlc was analyzed as continu-
ous and categorical variables, established based on the
tertiles of HbAlc levels [HbA1c<5.4% (n=659), 5.4%<
HbA1c<5.8% (n=546), and HbAlc>5.8% (n=594)].
Besides, since HbAlc>6.5% is one of the criteria for
the diagnosis of diabetes according to the American
Diabetes Association Professional Practice Committee
[16], we also categorized participants into two groups
[HbAlc<6.5% (n=1567) and HbA1c>6.5% (n=232)] for
further analysis.

The outcome variables were the AAC score and severe
AAC. Detailed information about eligibility and exclu-
sion criteria for measuring AAC is available at https://
wwwn.cdc.gov/Nchs/Nhanes/2013-2014/DXXAAC_H.
htm#DXXALICC. Brieflyy AAC measurements were
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Fig. 1 Flowchart of participant selection
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NHANES, National Health and Nutrition Examination Survey; AAC, abdominal aortic calcification, HbA1c, hemoglobin Alc

administered to eligible survey participants 40 years of
age and older. Reasons for exclusion from the examina-
tion were as follows: (1) pregnancy; (2) self-reported his-
tory of radiographic contrast material (barium) use in
past 7 days; (3) self-reported weight over 450 pounds; (4)
other reasons including no time to complete the exami-
nation, pregnancy test not completed, and participant
refusal, as well as exclusion for reasons other than preg-
nancy, such as a medical test. Besides, the main reasons
for completed, but invalid, Instant Vertebral Assessment
lateral spine scans were an insufficient scan area or par-
tial scan, degenerative disease/severe scoliosis, sclerotic
spine/spinal fusion/laminectomy, and poor image qual-
ity due to morbid obesity. Detailed information about
the assessment is available at https://wwwn.cdc.gov/
Nchs/Nhanes/2013-2014/DXXAAC_H.htm. Briefly,
AAC was accurately recognized on lateral spine images
obtained with dual-energy X-ray absorptiometry and
the instant vertebral assessment lateral spine scans in
the NHANES mobile examination center. Both AAC-24
and AAC-8 scoring semi-quantitative techniques (Kaup-
pila score) were used for the evaluation [17, 18]. In the
scoring method for AAC-24, the anterior and poste-
rior aortic walls in front of the lumbar vertebrae L1-L4
were divided into eight segments. A score ranging from
0 to 3 was assigned within each part according to the

calcific deposit proportions (0, no calcification; 1, one-
third or less of the aortic wall; 2, more than one-third
but less than two-thirds of the aortic wall; 3, more than
two-thirds of the aortic wall), resulting in a range from
0 to 24 for the total score. Severe AAC was defined as
a total AAC-24 score>6 [19-21]. Besides, the AAC-8
scale, ranging from 0 to 8, estimated the total length of
calcification of the anterior and posterior aortic walls in
front of the same vertebrae separately (0, no calcifica-
tion; 1, less than or equal to the height of one vertebra;
2, more than one but less than or equal to the heights of
two vertebrae; 3, more than two but less than or equal to
the heights of three vertebrae; 4, more than the height
of three vertebrae). The AAC-8 score and severe AAC
(AAC-82=3) were the outcomes of the sensitivity analysis
[22].

Covariates

Potential covariates, including demographic character-
istics [age, gender, race, education level, ratio of family
income to poverty (RIP)], lifestyle risk factors [smok-
ing status, alcohol drinking status, metabolic equivalent
(MET)], physical examination information [body mass
index (BMI), systolic blood pressure (SBP)], biochemical
parameters [total cholesterol (TC)], estimated glomerular
filtration rate (eGFR)], bone mineral metabolism markers
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(total 25-hydroxyvitamin D, serum calcium, serum phos-
phorus), and inflammatory indicator [neutrophil-lym-
phocyte ratio (NLR)] were selected based on previous
studies [20, 23, 24]. The detailed measurement processes
of these variables were available at https://www.cdc.
gov/nchs/nhanes/. Briefly, demographic characteristics
and lifestyle risk factors were collected using household
interview questionnaires and mobile examination center
(MEC) questionnaires. Additionally, physical examina-
tion information, biochemical parameters, bone mineral
metabolism markers, and the inflammatory indicator
were derived from medical examinations and laboratory
assessments in the MEC.

BMI was calculated as weight in kilograms divided by
height in square meters (kg/m?). A smoker was defined
as someone who smoked at least 100 cigarettes during
their lifetime. An alcohol drinker was defined as some-
one who drank more than 12 times per year. Physical
activities were estimated as the aggregate weekly hours
of moderate-to-vigorous activities multiplied by the MET
levels, calculated using the following formula: MET-h/
week=daysx durationx MET levels. MET levels of mod-
erate-intensity and vigorous-intensity physical activity
were defined as 4.0 METs and 8.0 METs, respectively.
Blood pressure (BP) was measured 4 times in the sit-
ting position after at least a 5-min rest. The average BP
readings were used in the analyses. Hypertension was
defined as SBP>140 mm Hg or diastolic blood pres-
sure (DBP)>90 mm Hg, using antihypertensive agents,
or self-reported physician-diagnosed hypertension
[25]. High cholesterol level was defined as having fast-
ing TC=240 mg/dL or using lipid-lowing agents [25].
Diabetes was defined as having fasting plasma glucose
(FPG) =126 mg/dL, a 2-hour plasma glucose>200 mg/dL
after an oral glucose tolerance test, HbAlc>6.5%, using
insulin or oral hypoglycemic agents, or self-reported phy-
sician-diagnosed diabetes [26]. The eGFR was calculated
using the Chronic Kidney Disease Epidemiology Col-
laboration creatinine equation [27]. The NLR was derived
from the complete blood count [24].

Statistical analysis
According to the NHANES analytic guidelines [28], the
appropriate sampling weights were used in the current
analysis. The baseline characteristics of the included par-
ticipants were presented as weighted means [standard
error (SE)] for continuous variables and as frequency
(weighted percentages) for categorical variables. The
weighted linear regression (for continuous variables) or
Rao-Scott chi-squared tests (for categorical variables)
were applied to assess the differences in groups divided
by HbAlc (tertiles).

In the current study, we used the weighted lin-
ear regression model to explore the effect size (B) and
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corresponding 95% confidence intervals (Cls) for AAC-
24 score in relation to HbAlc levels. Additionally,
weighted logistic regression models were performed to
estimate odds ratios (ORs) and 95% ClIs of HbAlc in rela-
tion to severe AAC. Sensitivity analyses were performed
by using AAC-8 and severe AAC (AAC-823) as the
outcomes. Tests for linear trends across the HbAlc cat-
egories (tertiles) were conducted using an independent
ordinal variable (0,1,2) in regression models. Moreover,
subgroup analyses stratified by gender (male or female),
age (<60 or >60 years), BMI (<25 or >25 kg/m?), smoker
(yes or no), alcohol drinker (yes or no), hypertension (yes
or no), diabetes (yes or no), and high cholesterol (yes or
no) were also performed using multivariate regression
models. Besides, an interaction term was added to test
the heterogeneity of associations between the subgroups.
The restricted cubic spline model was used for the dose-
response analysis, using the cutoff value of lowest tertile
of HbAlc (5.4%) as the reference. Diabetes status was
regarded as a stratified factor in the models described
above. Three models were performed in the regression
models (Model 1: no covariates were adjusted; Model 2:
adjusted for age, gender, BMI, race, education level, RIP,
smoking status, alcohol drinking status, metabolic equiv-
alent; Model 3: adjusted for covariates in model 2 plus
SBP, TC, eGFR, total 25-hydroxyvitamin D, serum cal-
cium, serum phosphorus, and NLR). Model 3 was used in
the restricted cubic spline models and subgroup analyses.

The statistical analyses were performed using SAS
9.4 (SAS Institute Inc, Cary, NC, USA), except that the
dose-response curve was drawn by R version 4.1.1 (R
Foundation for Statistical Computing, Vienna, Austria).
A two-sided P value<0.05 was defined as statistical
significance.

Results

Baseline characteristics

The baseline characteristics of the study population are
presented in Table 1. The mean (SE) age of participants
was 56.7 (0.3) years, and 51.8% of them were males.
Compared with those in the lowest tertile group, partici-
pants in the higher tertile group were older, had higher
BMI and FPG levels, had lower RIP and eGER levels, and
were more likely to have hypertension, high cholesterol,
and diabetes. Additionally, the AAC-24 scores increased
with the higher tertile of HbAlc. The average AAC-24
score was 1.3 (0.1) for the whole participants, and 0.7
(0.1), 1.2 (0.1), and 2.3 (0.2) for the lowest, middle, and
highest tertile groups, respectively (P<0.001). The preva-
lence of severe AAC was 6.7% overall, and increased with
the higher tertiles of HbAlc as well (the lowest tertile,
2.7%; the middle tertile, 5.9%; the highest tertile,14.8%,
P<0.001).
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Table 1 Weighted baseline characteristics of participants according to HbA1c level
Overall (n=1799) Tertile 1 (<5.4%) Tertile 2 (5.4- 5.8%) Tertile 3 (>5.8%) P-
(n=659) (n=546) (n=594) value

Age, year 56.7+0.3 534404 580£05 613+03 <0.001
Male, n (%) 933(51.8) 327(49.9) 282(52.4) 324(54.4) 0216
BMI, kg/m2 282+0.2 26.7+0.2 28.7+0.3 302+0.3 <0.001
Race, n (%) <0.001

Mexican American 220(6.4) 73(5.2) 65(6.4) 82(8.7)

Other Hispanic 167(4.4) 58(3.9) 52(4.2) 57(5.5)

Non-Hispanic White 827(73.0) 380(80.9) 252(73.3) 195(58.3)

Non-Hispanic Black 352(9.8) 86(5.6) 103(9.7) 163(17.9)

Other Race 233(6.3) 62(4.5) 74(6.4) 97(9.6)
Education level, n (%) <0.001

Less than 9th grade 118(34) 23(2.1) 40(3.3) 55(5.9)

9-11th grade 216(9.1) 70(7.6) 66(9.2) 80(11.7)

High school graduate or GED 395(20.8) 140(18.5) 114(21.1) 141(24.7)

Some college or AA degree 543(30.5) 200(29.0) 159(30.1) 184(34.0)

College graduate or above 527(36.1) 226(42.8) 167(36.3) 134(23.7)
RIP 329+0.13 351+0.16 323+0.1 296+0.1 <0.001
Smoker, n (%) 967(54.9) 378(604) 283(50.3) 306(50.8) 0011
Alcohol drinker, n (%) 459(19.2) 128(13.4) 134(19.0) 197(29.9) <0.001
Metabolic equivalent, MET-h/w 60.7+24 599+338 576+42 66.2+4.6 0.361
Hypertension, n (%) 805(41.0) 210(29.8) 229(40.4) 366(62.3) <0.001
SBP. mm Hg 124.7+£0.6 121.0+£08 1256+£1.0 1303+£1.0 <0.001
DBP, mm Hg 71.8+03 726+03 717407 706+05 0.009
High cholesterol, n (%) 686(38.7) 168(26.6) 195(41.7) 323(57.0) <0.001
TC, mg/dL 196.2+1.2 1975419 203.0+20 1852422 0.001
TG, mg/dL 119.8+38 111.0+£64 1209+4.3 1340+6.3 0.005
HDL-C, mg/dL 555+0.5 599+0.7 548+0.9 484+1.1 <0.001
LDL-C, mg/dL 1174+£15 1171424 121.8+3.0 1125426 0373
Diabetes, n (%) 381(21.2) 19(2.1) 32(5.1) 330(55.6) <0.001
FPG, mg/dL 106.5+£1.0 96.5+0.5 101.2+£08 130.7+3.7 <0.001
eGFR, mL/min/1.73 m? 852106 875409 85.6+08 804+0.7 <0.001
Total 25-hydroxyvitamin D, nmol/L 752+15 77.1+£24 756+19 713£17 0.068
Serum calcium, mmol/L 24400 24400 24+00 24+00 0.016
Serum phosphorus, mmol/L 1.2£00 1.2£0.0 1.2+0.0 1.2+£0.0 0.756
NLR 23+00 23+0.1 23+0.1 23+0.1 0.539
AAC-24 score 13+0.1 0.7+0.1 12+0.1 23+02 <0.001
Severe AAC, n (%) 141(6.7) 28(2.7) 34(5.9) 79(14.8) <0.001

Values are presented as weighted means = standard error or frequency (weighted percentages) when appropriate. Abbreviations: BMI, body mass index; GED, general
educational development; RIP, ratio of family income to poverty; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride;
LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; FPG, fasting plasma glucose; HbAlc, hemoglobin Alc;
eGFR, estimated glomerular filtration rate; NLR, neutrophil-lymphocyte ratio; AAC, abdominal aortic calcification

HbA1c level and AAC score

The weighted linear regression models showed a signifi-
cant positive association between HbAlc and AAC-24
score (Table 2). When HbA1lc was analyzed as a continu-
ous variable, per unit (1%) increase in HbAlc level was
associated with a 0.61 unit higher AAC-24 score (=0.61,
95% CI: 0.26-0.97) in the unadjusted model (model 1).
This association remained statistically significant after
adjusting for the covariates (model 2: =0.69, 95% CI:
0.29-1.08; model 3: $=0.73, 95% CI: 0.30-1.16). When
HbAlc was categorized into two groups (HbAlc<6.5%
and HbA1c>6.5%), the AAC-24 score of participants

with HbAlc>6.5% was approximately 1.5 unit higher
than that of those with HbAlc<6.5% (p=1.45, 95% CI:
0.33-2.58) in the fully adjusted model. Additionally, com-
pared with the lowest tertile, the AAC-24 score of the
middle and the highest tertiles was 0.40 and 1.48 units
higher with a fully adjusted B (95%CI) of 0.40 (-0.38, 1.19)
and 1.48 (0.56-2.39), respectively (P for trend <0.003).
The AAC-8 score was used as the outcome of the sen-
sitivity analysis. We obtained similar results with lower
B, using the same models (Appendix Table 1). Per unit
increase in HbAlc level was associated with a 0.27 unit
higher AAC-8 score (p=0.27, 95% CI: 0.11-0.42) in
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Table 2 Association of HbA1c level with AAC score
HbA1c level B (95% Cl)
Model 1 Model 2 Model 3
Continuous 0.61(0.26,0.97)** 0.69(0.29,1.08)** 0.73(0.30,1.16)**
Categories
HbA1c<6.5% Reference Reference Reference
HbATc>6.5% 1.25(0.26,2.23)* 1.41(0.33,2.49)* 1.45(0.33,2.58)*
Tertile 1 Reference Reference Reference
Tertile 2 0.57(-0.07,1.21) 0.37(-0.39,1.13) 0.40(-0.38,1.19)
Tertile 3 1.81(1.03,2.58)*** 1.45(0.49,2.41)*** 1.48(0.56,2.39)***
P-trend <0.001 0.002 0.003

Model 1: no covariates were adjusted;
Model 2: adjusted for age, gender, BMI, race, education level, RIP, smoking status, alcohol drinking status, metabolic equivalent;
Model 3: adjusted for covariates in model 2 plus SBP, TC, eGFR, total 25-hydroxyvitamin D, serum calcium, serum phosphorus, and NLR.

HbATc: hemoglobin Alc; B: effect size; Cl: confidence interval; BMI, body mass index; RIP, ratio of family income to poverty; SBP, systolic blood pressure; TC, total
cholesterol; eGFR, estimated glomerular filtration rate; NLR, neutrophil-lymphocyte ratio; AAC, abdominal aortic calcification

*P<0.05; **P<0.01; ***P<0.001

Table 3 Association of HbA1c level with severe AAC.

HbA1c level OR (95% Cl)
Model 1 Model 2 Model 3

Continuous 1.46(1.26,1.68)*** 1.63(1.32,2.01)*** 1.63(1.29,2.06)***
Categories

HbA1c<6.5% Reference Reference Reference

HbATc>6.5% 3.73(2.05,6.78)*** 3.46(1.55,7.75)** 3.35(1.36,8.25)**

Tertile 1 Reference Reference Reference

Tertile 2 2.26(1.46,3.49)*** 1.51(0.93,2.45) 1.55(0.96,2.52)

Tertile 3 6.22(3.81,11.70)*** 3.69(1.56,8.77)** 3.77(1.57,9.09)***
P-trend <0.001 0.005 0.006

Model 1: no covariates were adjusted;

Model 2: adjusted for age, gender, BMI, race, education level, RIP, smoking status, alcohol drinking status, metabolic equivalent;

Model 3: adjusted for covariates in model 2 plus SBP, TC, eGFR, total 25-hydroxyvitamin D, serum calcium, serum phosphorus, and NLR.

HbA1c: hemoglobin Alc; OR: odds ratio; Cl: confidence interval; BMI, body mass index; RIP, ratio of family income to poverty; SBP, systolic blood pressure; TC, total
cholesterol; eGFR, estimated glomerular filtration rate; NLR, neutrophil-lymphocyte ratio; AAC, abdominal aortic calcification

**P<0.01;***£<0.001.

model 3. Compared with participants with HbA1c<6.5%,
the AAC-8 score of those with HbAlc>6.5% was 0.53
units higher with fully adjusted p (95%CI) of 0.53 (0.11—
0.95). Moreover, compared with the lowest tertile, the
AAC-8 score of the highest tertile was 0.58 units higher
(p=0.57,95% CI: 0.23-0.91) in model 3.

HbA1c level and severe AAC

The weighted logistic regression models indicated
that higher HbAlc levels were associated with an ele-
vated risk of severe AAC (Table 3). For every one unit
increase (1%) in HbAlc level, the risk of severe AAC
increased 46% in the unadjusted model (OR=1.46, 95%
CI: 1.26-1.68) and increased 63% in the fully adjusted
model (OR=1.63, 95% CI: 1.29-2.06). Compared with
participants with HbAlc<6.5%, the risk of severe AAC
among those with HbAlc>6.5% were more than 3-fold
higher. This result was stable in different models (model1:
OR=3.73, 95% CI: 2.05-6.78; model 2: OR=3.46, 95% CIL:

1.55-7.75; model 3: OR=3.35, 95% CI: 1.35-8.25). When
HbAlc was categorized into tertiles, participants in the
middle and the highest tertiles of HbAlc showed a sig-
nificant relative risk increase of developing severe AAC
when compared with those in the lowest tertile, with
unadjusted ORs (95% ClIs) of 2.26 (1.46-3.49) and 6.22
(3.81-11.70) (P for trend<0.001). This trend remained
significant in model 3, with the lowest tertile of HbAlc
as the reference, the fully adjusted ORs and 95% Cls of
the middle and the highest tertiles categories were 1.55
(0.96-2.52) and 3.77 (1.57-9.09), respectively (P for
trend <0.006).

The results were similar in sensitivity analysis, con-
sidering an AAC-8 score of 3 or more as severe AAC
(Appendix Table 2). Per unit increase in HbAlc level
was associated with a 53% higher risk of severe AAC
(OR=1.53,95% CI: 1.22-1.93) in model 3. Compared with
participants with HbA1lc<6.5%, those with HbA1c>6.5%
had a significantly higher risk of severe AAC (OR=2.97,
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95% CI: 1.31-6.74) in model 3. Additionally, compared
with participants in the lowest tertile, those in the mid-
dle and highest tertiles of the HbAlc group were associ-
ated with a 40% (OR=1.40, 95% CI: 0.73-2.71) and 203%
(OR=3.03, 95% CI: 1.21-7.64) higher risk of severe AAC,
respectively (P for trend <0.022).

Subgroup analysis

The subgroup analyses treating the HbAlc level as a
continuous variable (per unit increase) are shown in
Fig. 2 and Appendix Fig. 1. All associations were positive
between HbAlc level and AAC (AAC score and severe
AAC) among subgroups by gender, age, BMI, smok-
ing status, alcohol drinker status, or health conditions
(hypertension, diabetes, and high cholesterol). Notablely,
the observed associations were not statistically significant
when participants with diabetes were excluded. Besides,
significant interactions effect between HbA1lc and hyper-
tension on severe AAC were observed (P for interac-
tion=0.022). The OR and 95% CI for each unit increase in

No. of events /
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HbA1lc level for severe AAC was 2.35 (1.62—3.40) among
normotensives vs. 1.39 (1.09-1.79) among hypertensives.

Dose-response analysis

As shown in Fig. 3, the dose-response analysis with a
restricted cubic spline model showed a nearly linear rela-
tionship between the HbA1lc level and AAC-24 score (P
for nonlinearity=0.395). Similarly, the HbAlc level was
positively correlated with severe AAC (P for nonlinear-
ity=0.118) after adjustment for multiple potential covari-
ates in Model 3.

Discussion

In this nationally-representative cross-sectional survey,
we comprehensively examined the effects of HbAlc level
on AAC (AAC score and severe AAC). This study pro-
vided evidence that elevated HbA1c levels would increase
the AAC score and the risk of severe AAC, resulting in
nearly linear dose-response relationships after adjusting
for multiple potential covariates. The directions of these
relationships in different subgroups were consistent with

Group Total No. OR (95%CI) OR (95%Cl) P for interaction

Gender
Male 79/933 1.54(1.08,2.21) - 0.573
Female 62/866 1.70(1.26,2.29) »

Age, year
<60 21/1010 1.99(1.42,2.79) »— 0.329
=60 120/789 1.47(1.12,1.93) —=

BMI, kg/m?
<25 48/542 1.36(0.92,2.02) = 0.896
=25 93/1257 1.74(1.36,2.23) —8

Smoker
No 85/832 1.77(1.21,2.59) — 0.551
Yes 56/967 1.46(1.04,2.06) —8

Alcohol drinker
No 107/1340 1.65(1.18,2.31) - 0.802
Yes 34/459 1.93(1.29,2.88) -

Hypertension
No 37/994 2.35(1.62,3.40) - 0.022
Yes 104/805 1.39(1.09,1.79) ——

Diabetes
No 83/1418 1.28(0.80,2.04) —= 0.108
Yes 58/381 1.39(1.10,1.75) ——

High cholesterol
No 53/1113 1.35(1.06,1.73) —— 0.514
Yes 88/686 1.75(1.25,2.45) »

05 1 15 2 25 3 35

Fig. 2 Subgroup analysis for the association between HbA1c level as a continuous variable and severe AAC.

Odds ratio adjusted for variables in the Model 3 (age, gender, BMI, race, education level, RIP, smoking status, alcohol drinking status, metabolic equivalent,
SBPR,TC, eGFR, total 25-hydroxyvitamin D, serum calcium, serum phosphorus, and NLR) except the corresponding stratification variable

OR: odds ratio; Cl, confidence interval; BMI, body mass index; HbA1c, hemoglobin Alc
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P for overall < 0.001
P for nonlinearity = 0.395

) w

Effect Size and 95% Confidence Intervals

o
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3 P for overall < 0.001

P for nonlinearity = 0.118

Log Odds Ratios and 95% Confidence Intervals o

HbA1c (%)

Fig. 3 Dose-response relation between hemoglobin Alc level and AAC.

6 8 10 12
HbA1c (%)

a, Dose-response relation between hemoglobin Alc level and AAC-24 score; b, Dose-response relation between hemoglobin Alc level and severe AAC.
The restricted cubic spline model was adjusted by age, gender, BMI, race, education level, RIP, smoking status, alcohol drinking status, metabolic equiva-
lent, SBP, TC, eGFR, total 25-hydroxyvitamin D, serum calcium, serum phosphorus, and NLR.

AAC, abdominal aortic calcification, HbA1c, hemoglobin Alc

that in the total population. Furthermore, the effect of
HbAlc on severe AAC was more pronounced among
normotensives than that among hypertensives. Since the
levels of HbAlc is a “gold standard” for the assessment of
glycemic control [9], our results emphasized the crucial
effects of glycemic control on AC.

As a risk factor of CVD, AAC could be used as a tool
for CVD risk assessment and could help clinicians iden-
tify individuals at high risk for clinical cardiovascular
events and poorer long-term prognosis [7]. Diabetes is
also a significant independent cardiovascular risk fac-
tor [8]. Previous studies have reported the association
between AAC and diabetes, however, their results were
ambiguous. Most studies observed that AAC was more
prevalent in diabetes patients and diabetes was associ-
ated with a higher risk of AAC after multivariate analysis
[23]. The diagnosis of diabetes depends on the glycemic
traits (glucose and HbAlc levels) [29], whose effects on
AAC are still rare. The relationships between glucose
levels and AAC were explored preliminarily in subgroup
analyses in two studies based on data from the NHANES
study [26, 30]. The first study investigated the relation-
ship between the triglyceride-glucose index and exten-
sive AAC [26], and the second study revealed the link
between metabolic syndrome and AAC [30]. The results
of these studies showed that FPG was positively associ-
ated with AAC [26, 30]. However, these researches did
not investigated the relationship between HbAlc levels
and AAC, which was observed in the current study. We
found one unit increase in HbAlc was associated with
higher AAC scores (3=0.73) and a higher risk of severe
AAC (OR=1.63). The JHS, examining the association
of glycemic traits with AAC among African Americans,

revealed that one SD increase in HbAlc (1.7%) led to a
0.33 unit increase in AAC scores [12]. It seems that the
effect size in the current study was higher than that in
JHS, which might be due to racial differences. Most par-
ticipants were non-Hispanic whites (73.0%) in the cur-
rent study, while all participants in the JHS were African
Americans. Further research in large populations of dif-
ferent racial was needed to confirm the results.

To further explore whether the association between
HbAlc and AAC was modified by gender, age, over-
weight, smoking, alcohol drinking, hypertension, dia-
betes, and high cholesterol, we conducted the subgroup
analyses and tested the interaction effects between
HbAlc and them. The protective effect of reducing
HbAlc on AAC were found among both normotensives
and hypertensives, and it was more pronounced among
normotensives (P for interaction=0.022), in other words,
the protective effect of glycemic control on AAC was
weakened when someone suffered from hypertension.
Previous studies revealed that a vicious cycle existed
between AC and hypertension due to the pathophysi-
ological interplay between them [31, 32]. Particularly,
hypertension is accompanied by remodeling of the arte-
rial wall with changes in extracellular matrix composition
and vascular cell phenotype modifications, which might
lead to calcium deposition in the vascular wall. Moreover,
calcium deposition could contribute to vascular stiffness
and high BP [31]. The remodeling of the arterial wall and
poor vascular conditions in hypertensives might weaken
the protective effect of reducing HbAlc on AC. Addi-
tionally, no significant interactions were found between
HbAlc and other factors, indicating that the association
was consistent across gender, age, overweight, smoking,
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alcohol drinking, diabetes, and high cholesterol groups.
Therefore, it is reasonable to speculate that almost every
participant, especially normotensives, can reduce AAC
through glycemic control.

The evidence on the dose-response relationships
between HbA1lc and AC were limited. Previous research-
ers have found that higher HbAlc was independently
associated with advanced AAC scores, CAC risk, and
CAC progression [10-12], however, they did not inves-
tigate the dose-response relationships between HbAlc
and these outcomes. The current study showed a nearly
linear dose-response relationships between HbAlc
and AAC, which provided evidence for preventing AC
through reducing HbA1lc levels. Nevertheless, the Veter-
ans Affairs Diabetes Trial have reported that participants
with serious hypoglycemia had a higher risk of progres-
sion of CAC in patients with poorly controlled diabetes
[33]. We did not found an increased risk of AAC when
HbAlc was low, which may due to the differ proportion
of diabetes patients in studies. Therefore, controlling
blood glucose and HbA1c at appropriate levels might be
beneficial for reducing the risk of AC. Further research
in large population, especially diabetes patients, was
needed to confirm the results and to determine an opti-
mal HbA1c level for AC prevention.

Several potential mechanisms may contribute to the
association between HbAlc and AAC. (1) Oxidative
stress and inflammation: oscillating glucose and intra-
cellular hyperglycemia have been reported to induce the
overproduction of superoxide, which could decrease NO
production, promote endothelial dysfunction, increase
the expression of inflammation factors and adhesion fac-
tors, and formation of oxidized-low density lipoprotein
[34]; (2) insulin resistance and hyperinsulinemia: greater
long-term glycemic variability and excess sugar could
induce the formation of advanced glycation end products
[35, 36], which might contribute to the pathogenesis of
insulin resistance [37]. Insulin resistance was associated
with a cluster of metabolic abnormalities that promoted
AC [38]; (3) osteogenic changes in vascular smooth mus-
cle cells (VSMCs): transient hyperglycemia may induce
alkaline phosphatase activation and osteogenic changes
in VSMCs [39, 40]. These changes in vascular structure
and function are common findings in the onset or pro-
gression of AC.

The current study investigated the effects of HbAlc
on AAC based on data from a large and representative
national survey the noninstitutionalized civilian resident
population in the United States. A large representative
sample, the rigorous study protocols, and standardized
measurements of AAC and other covariates made our
results representative and convictive. However, several
limitations of the current study should be noted. First,
the causal relationship between HbAlc on AAC could
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not be determined due to the cross-sectional design.
Secondly, HbAlc could not capture short-term hypogly-
caemia, hyperglycaemia and glycaemic fluctuations [41].
Further investigation is warranted to track the glucose
profile using continuous glucose monitoring, and pro-
vide evidence for the effects of short-term glycemic con-
trol on AAC. Besides, since the subgroup analyses were
exploratory and post hoc, we did not consider the mul-
tiple testing issue, which might increase the type I error
rates when detecting the interaction effects. The special-
ized study design was required to confirm the associa-
tion between HbAlc and AAC in different subgroups. In
addition, a total of 1 258 participants with missing data
on covariates were excluded, which might lead to selec-
tion bias. Compared with the excluded participants,
those included in this study has a higher proportion of
male, higher education levels, and slightly higher family
income. Few studies have investigated the relationship of
these socioeconomic statuses to AAC critically. Previous
studies have reported that men had higher CAC scores
than women [42], it is reasonable to speculate the exis-
tence of a gender difference in AAC [43]. Participants
with higher education levels and higher family income
receive higher quality care, have better health literacy,
and a decreased number of CVD risk factors [44]. Indi-
rectly, the AC status of these populations might be dif-
ferent from the total population. Those factors could
affect the AAC scores and the occurrence of severe AAC.
Therefore, further research in large populations was
needed to confirm the results. Finally, AAC measure-
ment was performed only in the population aged 40 years
or above. Whether HbAlc influences AAC in adults
aged <40 years old warrants investigation.

Conclusions

In summary, the current study advanced our understand-
ing of the health benefits from lowering HbAlc levels in
the population. We found elevated HbA1lc levels would
increase the AAC score and the risk of severe AAC
with nearly linear dose-response relationships, which
highlighted that long-term glycemic management is an
important component of strategies for preventing AAC
among all populations.
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