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Background and Aim: Serum albumin level (albumin) is inversely associated with the risk of cardiovascular disease (CVD)
mortality. Additionally, the decline in lean body mass partially mediates the age-related vascular dysfunction. We aimed to clarify the
interaction between albumin, lean body mass and vascular function in the general Japanese population.

Methods: This study analyzed three-year longitudinal data (n=5,253) obtained from Japanese urban residents receiving consecutive
annual health screenings. Participants with a history of CVD and/or any chronic wasting diseases were excluded. Skeletal muscle mass
was assessed using estimated lean body mass index (eLBMI). Systemic arterial stiffness was assessed using the cardio-ankle vascular
index (CAVI), with high CAVI defined as CAVI >9.0.

Results: Among serum protein parameters, albumin showed a stronger inverse correlation with CAVI (r = —0.191) compared to total
protein and albumin/globulin ratio. Age correlated positively with CAVI and negatively with albumin. In multiple regression analysis, 1
standard deviation increase in albumin was negatively associated with high CAVI (odds ratio = 0.78), independent of aging and traditional
CVD risk factors. Jonckheere-Terpstra trend test revealed a significant inverse trend in change in CAVI over three years (ACAVI) among the
stratified baseline albumin groups, whereas no significant trend was observed among the stratified age groups. Baseline albumin was
negatively associated with ACAVI, which was partially mediated by AeLBMI after adjusting for age (mediation rate, 3.4%).
Conclusion: As serum albumin level predicts CAVI mediated by changes in lean body mass, appropriate nutrition management aimed
at enhancing skeletal muscle mass may be useful for reliable prevention of CVD.
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Introduction

Vascular aging is characterized by progressive structural and functional changes in blood vessels, increasing systemic
arterial stiffness (arterial stiffening) and risk of cardiovascular disease (CVD).' Pulse wave velocity (PWV) has been
widely utilized as a standard tool to assess vascular function.” However, PWV is essentially affected by blood pressure
(BP) at the time of measurement,® and thus may underestimate the degree of vascular dysfunction caused by CVD risk
factors other than hypertension. Cardio-ankle vascular index (CAVI) has been developed to solve this issue.* CAVI,
which reflects the stiffness of the arterial tree from the aortic origin to the ankle without being affected by BP at the time
of measurement, has been established as an index of vascular function. This arterial stiffness parameter is associated with

traditional CVD risk factors including metabolic disorders, abdominal obesity, sleep apnea, smoking and psychological

https://doi.org/10.2147/VHRM.S610441 Vascular Health and Risk Management 2026:22 610441 |
Received: 19 March 2026 © 2026 Nagayama et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
Accepted: 4 June 2026 AT terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing

Published: 10 June 2026 the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6119-8012
http://orcid.org/0009-0002-0331-4649
http://orcid.org/0000-0003-1824-5746
http://orcid.org/0000-0002-1935-6125
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Nagayama et al

stress.” Additionally, a study has indicated that even sarcopenia, characterized by a decrease in muscle quality and/or
quantity, is associated with vascular dysfunction as assessed by CAVI.® On the other hand, the primary factor determining
CAVI is age. A study of healthy Japanese urban residents showed a linear positive correlation between age and CAVI,
with an increase in CAVI of nearly 0.5 per decade.” Furthermore, we have previously reported that the age-related CAVI
increase is associated with decrease in lean body mass, a surrogate for skeletal muscle mass.® In fact, low skeletal muscle
mass is known to be associated with the presence, incidence and progression of coronary artery calcification, indepen-
dently of conventional cardiometabolic risks.’

Age-related physiological changes include not only arterial stiffening, but also deterioration of nutritional state as
indicated by serum protein parameters. For example, serum albumin level tends to be low in older individuals, and
a longitudinal study has reported that albumin level declines further with aging'® serum protein parameters not only
indirectly reflect muscle strength'' and immune function,'? but also serve as prognostic predictor.'* In particular, albumin
is known to exert anti-atherosclerotic effects including anti-inflammatory, antioxidant and anti-coagulant activities.'*
Furthermore, a cross-sectional study in dialysis patients demonstrated that albumin was independently associated with
vascular dysfunction indicated by increased CAVI.'> Based on data from the National Health and Nutrition Examination
Survey, serum albumin levels in patients with CVD were found to be inversely correlated with all-cause mortality and the
risk of cardiovascular mortality.'®'”

On the other hand, albumin serves as a marker of hepatic protein synthesis capacity,'® while its association with
skeletal muscle mass is also gaining attention. A cross-sectional study revealed that albumin was associated with skeletal
muscle mass, independent of age, protein intake and physical activity level,'® while a longitudinal study showed that
relatively higher albumin level predicted a stronger effect of resistance training on muscle hypertrophy.”® However, it
remains unclear how serum protein parameters and skeletal muscle mass interact to affect changes in vascular function
independent of aging. We therefore hypothesized that the association between circulating protein markers and subsequent
vascular function may be mediated, at least in part, by changes in skeletal muscle mass. Elucidating this potential
mediating pathway could provide a novel, nutrition-based strategy for anti-atherosclerotic intervention.

Against this background, this study investigated the association between serum protein parameters and CAVI,
considering lean body mass in the analysis. First, we examined the correlation between serum protein parameters and
clinical variables, particularly identifying the serum protein parameter most strongly associated with CAVI. Next, we
conducted a longitudinal analysis adjusting for age, to assess the impact of the serum protein parameter on changes in
both lean body mass and CAVI over three years.

Materials and Methods
Study Population and Design

This study was a retrospective cohort study using data from the CVD and cancer screening program conducted by the
Japan Health Promotion Foundation; since it utilizes data from routine health screenings, the sample is a convenience
sample. The study population comprised Japanese urban residents of major Japanese cities who underwent annual health
screening between 2013 and 2018. The health screening centers and branches of the Japan Health Promotion Foundation
are located in Ebisu, Shibuya Ward, Tokyo (Ebisu Health Screening Center) and in Chuo Ward, Osaka City, Osaka
Prefecture (Osaka Health Screening Center). Approximately 90% of the participants resided in major metropolitan areas
in the Kanto or Kansai regions. However, about 10% of the participants underwent health checkups in various cities
throughout Japan, from Hokkaido to Okinawa, using these centers as primary referral bases. The participants were
volunteers who were not paid or recruited specifically for this study.

We excluded individuals with a history of cerebrovascular disease, cirrhosis, nephrotic syndrome, chronic inflamma-
tory disease, and/or malignant neoplasms, those younger than 20 years, and individuals with disabilities who were unable
to provide informed consent. This is because these wasting diseases can cause rapid changes in nutritional status over
a short period of time. All other adults aged 20 years or older who were capable of expressing their own will were
included, even if they had a current history of metabolic disorders. Initially, we assessed the eligibility of all 76,720
participants. Of these, 34,697 individuals (45.2%) attended two consecutive examinations, and 14,405 individuals
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(18.8%) attended three consecutive examinations. Ultimately, 5,986 individuals (7.8%) who attended four annual (ie,
three-year) screenings and for whom sufficient data were available were included in the analysis. To address the potential
impact on serum protein parameters including total protein (TP) and albumin, 733 individuals who met the aforemen-
tioned exclusion criteria were excluded. Ultimately, 5,253 individuals (6.8%) were recruited for the study.

Data Collection

All examinations and data entry were performed by professionally trained technicians affiliated with the Japan Health
Promotion Foundation. We used a standardized data extraction template that had been iteratively refined and pilot-tested
by experienced staff before the main analysis. This template was applied to all Excel files derived from the health
checkup database to ensure consistent variable definitions, coding, and data structure across the dataset.

Height and body weight were measured, and body mass index (BMI) was calculated as Weight (kg)/Height (m)
squared. According to the guidelines of the Japanese Association for the Study of Obesity (JASSO), obesity was defined
as BMI 25 kg/m? or higher.>' Waist circumference (WC) was measured horizontally at the height of the umbilicus, with
the individual standing with arms hanging relaxed. High WC was defined as 85 cm or more for men and 90 cm or more
for women, according to the Japanese Committee for the Diagnostic Criteria of Metabolic Syndrome.** Lean body mass
includes the weights of organs, skin, bones, body fluids, ligaments, and tendons in addition to skeletal muscle mass, but
strongly approximates skeletal muscle mass.”> A narrative review reported that skeletal muscle mass measured by dual-
energy X-ray absorptiometry (DXA) showed a strong correlation of 0.91 or higher with lean body mass.”* We therefore
adopted lean body mass estimated using several anthropometric measurements as a surrogate indicator for skeletal
muscle mass. The following equations were used to estimate lean body mass: Estimated lean body mass index (eLBMI)*
=1[19.363 + 0.001 x Age (years) + 0.064 x Height (cm) + 0.756 x Weight (kg) — 0.366 x WC (cm) — 1.007]/Height (m)?
for males, [-10.683 — 0.039 x Age (years) + 0.186 x Height (cm) + 0.383 x Weight (kg) — 0.047 x WC (cm) — 0.34]/
Height (m)? for females.

According to the original report, the coefficients of determination of the eLBMI equations for predicting DXA-
measured LBM are 0.91 for men and 0.85 for women.

BP was measured from an upper arm cuff after resting for five minutes in a sitting position. Hypertension was
diagnosed by either systolic BP (SBP) > 140 mmHg and diastolic BP > 90 mmHg, or treatment with BP-lowering agents.
Blood was collected from an anterior upper extremity vein in the morning after a 12-h fast for measuring fasting plasma
glucose (FPG, mg/dL), total cholesterol (TC, mg/dL), triglycerides (TG, mg/dL) and high-density lipoprotein cholesterol
(HDL-C, mg/dL). Diabetes mellitus was diagnosed when FPG was > 126 mg/dL, or when the participant was on
antidiabetic drugs. Dyslipidemia was defined as TC > 220 mg/dL, HDL-C < 40 mg/dL, and/or TG > 150 mg/dL, or
treatment with lipid-lowering drugs.

The following three serum protein parameters were studied: TP level, Albumin/Globulin ratio (A/G ratio) and
albumin level. The A/G ratio was calculated from TP and albumin using the following formula:*® A/G ratio =
Albumin/(TP — Albumin).

Estimated glomerular filtration rate (¢GFR) was calculated using the following formula developed by the Japanese
Society of Nephrology:*’

eGFR (mL/min per 1.73 m?) = 194 x Creatinine (mg/dL) "%** x Age (years) ***” (x 0.739 if female). Kidney
dysfunction was defined as eGFR below 60 mL/min/1.73 m? corresponding to GFR category 3a or worse.”® The
prevalence of current smoking and habitual alcohol consumption was determined using a questionnaire. Alcohol
consumption at least once a week was defined as habitual drinking.

Measurement of Arterial Stiffness Parameters and Blood Pressure

CAVI was measured after the participants had rested for at least 5 minutes. With the participants lying in a supine
position on a bed, BP, pulse rate and CAVI were measured twice. CAVI was measured using the VaSera VS-1500 device
(Fukuda Denshi Co, Ltd., Tokyo, Japan) according to the manufacturer’s instructions. This index was originally derived
from the stiffness parameter B, proposed by Hayashi et al*’ and was applied to a length of artery using a modified version
of Bramwell Hill’s equation.*
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CAVI values were automatically calculated using the following formula *:

CAVI = a{2p x In(Ps/Pd)/AP x haPWV?} + b,

where Ps is systolic BP; Pd is diastolic BP; AP is Ps — Pd; p is blood density; haPWV denotes heart-ankle PWV; and
a and b are constants to adjust the values of CAVI to those of Hasegawa’s PWV.

Individuals with ankle-brachial index < 0.90 were excluded from analysis, because patients with severe arterial
occlusive disease may have falsely low CAVL? In addition, we defined “high CAVI” as equal to or greater than 9.0 in all
individuals, which is essentially the cutoff for the presence of coronary artery stenosis.’

Dependent and Independent Variables

We defined the ACAVI as the dependent variable. Independent variables included factors that showed significant
differences between the high CAVI and non-high CAVI groups in univariate analyses, namely age, sex, smoking status,
and the presence of hypertension, diabetes mellitus, and dyslipidemia. In addition, kidney dysfunction and serum protein
parameters were included as covariates based on their clinical relevance.

Statistical Analysis

The SPSS software (version 27.0.1, Chicago, IL, USA) was used for statistical analyses. Data are expressed as median
(interquartile range), mean + standard deviation (SD) or mean + standard error (SE). Fisher’s exact test was performed to
compare the proportions between two groups. Since several continuous variables showed markedly skewed distributions
and extreme values in exploratory analyses, we chose the Mann—Whitney U-test (non-parametric test) for between-group
comparisons, rather than the # test, which assumes approximate normality. Pearson’s correlation coefficient (r) and its
95% confidence interval (95% CI) were calculated to assess the linear relationship between serum protein parameters and
clinical variables. The difference between two variables was considered statistically significant if 95% CIs for the
correlation coefficients did not overlap. We stratified participants by baseline age or albumin level and analyzed three-
year changes in CAVI (ACAVI) or eLBMI (AeLBMI) using Jonckheere-Terpstra trend test followed by Bonferroni
multiple comparison test. The relationship of high CAVI with clinical variables including albumin level was analyzed
using logistic regression analysis. In the model, albumin as a continuous variable was converted to SD, and other clinical
confounding factors were binarized. A mediation analysis was carried out using PROCESS (version 4.0) in SPSS.*' To
establish the presence of mediation, the total effect must be significant. Partial mediation exists when both the indirect
and direct effects are significant. The mediation rate (%) explains the contribution of mediation to the total effect and is
calculated using the following formula: indirect effect/total effect x 100. In all comparisons, two-sided p values less than

0.05 were considered statistically significant.

Results
Comparison of Clinical Characteristics in Participants with vs Without High CAVI

The baseline characteristics (median [IQR]) of the 76,720 individuals who initially met the eligibility criteria were as
follows; Age (years): 42 (34, 54), BMI (kg/m?): 21.7 (19.8, 24.0), CAVI: 7.3 (6.8, 9.0), Male ratio: 41.7%. In contrast, the
characteristics of the 5,253 individuals ultimately selected were as follows; Age: 43 (36, 54), BMI: 22.3 (20.2, 24.5), CAVI:
7.5(6.9, 8.2), Male ratio: 60.7%. In other words, the proportion of male participants increased after the selection process for
this study. Table 1 compares the baseline clinical characteristics in participants with high CAVI (CAVI > 9.0) and those
without. Furthermore, the clinical characteristics of total participants after three years were compared with baseline.

At baseline, participants with high CAVI had significantly higher age, BMI, WC, eLBMI, BP, FPG, TC, TG and creatinine
level, and lower albumin, A/G ratio, HDL-C and eGFR compared to those without. Presence of high CAVI was also associated
with higher prevalence of smoking, kidney dysfunction and metabolic disorders compared to absence of high CAVIL.

After three years, BMI, WC, BP, CAVI and creatinine increased slightly, while eLBMI, TP, albumin, A/G ratio, FPG,
TC, HDL-C, and eGFR decreased slightly.
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Table 1 Comparison of Clinical Characteristics in Participants with High CAVI (2 9.0) and Those Without

Variables Baseline After 3 years
Total Individuals Individuals p value* Total p value$
With CAVI <9.0 | With CAVI >9.0

Number (Male, %) 5253 (60.7) 4795 (59.1) 458 (77.9) < 0.001 -

Age (years) 43 (36, 54) 42 (35, 51) 65 (61, 69) < 0.001 46 (39, 57) < 0.001
Height (meter) 1.660 (1.594, 1.720) 1.66 (1.59, 1.72) 1.65 (1.59, 1.70) < 0.001 1.657 (1.592, 1.716)- < 0.001
Weight (kg) 61.7 (52.8, 70.3) 61.6 (52.7, 70.5) 62.7 (55.4, 69.4) 0.328 62.1 (53.1,70.7) < 0.001
BMI (kg/m?) 22.3 (20.2, 24.5) 22.2 (20.1, 24.5) 22.9 (21.4,247) < 0.001 22.5 (20.4, 24.8) < 0.001
WC (cm) 80 (73, 87) 79 (73, 86) 84 (78, 88) < 0.001 8l (74, 87) < 0.001
eLBMI (kg/m?) 16.20 (134, 17.5) 16.2 (13.4, 17.5) 16.6 (15.1, 17.5) < 0.001 16.19 (13.5, 17.7) < 0.001
SBP (mmHg) 120 (110, 130) 120 (110, 129) 134 (124, 146) < 0.001 122 (112, 132) < 0.001
DBP (mmHg) 71 (64, 78) 70 (63, 78) 78 (72, 84) < 0.001 72 (65, 80) < 0.001
CAVI 7.5 (6.9, 8.2) 74 (69,79) 9.3 (9.1, 9.6) < 0.001 7.6 (7.1, 83) < 0.001
TP (g/dL) 74(72,77) 74(72,77) 74(72,77) 0.547 7.3 (7.1,7.6) < 0.001
Albumin (g/dL) 4.6 (44,48) 4.6 (44, 4.8) 45 (43,47) < 0.001 45 (43,47) < 0.001
A/G ratio 1.67 (1.50, 1.85) 1.68 (1.52, 1.85) 1.54 (1.40, 1.71) < 0.001 1.63 (1.48, 1.78) < 0.001
FPG (mg/dL) 86 (81, 92) 85 (81, 91) 92 (86, 102) < 0.001 83 (79, 89) < 0.001
TC (mg/dL) 206 (183, 231) 206 (183, 231) 213 (192, 236) < 0.001 206 (181, 227) < 0.001
HDL-C (mg/dL) 64 (53, 77) 65 (54, 77) 6l (51,73) < 0.001 62 (51, 74) < 0.001
TG (mg/dL) 80 (57, 122) 78 (50, 120) 101 (72, 143) < 0.001 81 (57, 124) 0.607
Creatinine (mg/dL) 0.77 (0.64, 0.87) 0.76 (0.64, 0.87) 0.81 (0.69, 0.91) < 0.001 0.78 (0.66, 0.89) < 0.001
eGFR (mL/min/1.73m?) 80.0 (71.4, 90.0) 80.9 (72.5, 90.9) 70.6 (62.7, 79.4) <0.001 77.0 (68.2, 87.1) < 0.001
Age 265 years (%) 82 38 53.9 < 0.001 12.5 < 0.001
BMI 225 kg/m? (%) 21.5 21.4 22.7 0.513 23.2 < 0.001
WC 285 (m) or 90 (f) cm (%) 27.1 25.5 42.8 < 0.001 29.2 < 0.001
SBP 2140 mmHg (%) 9.9 7.5 349 < 0.001 12.4 < 0.001
DBP 290 mmHg (%) 57 49 13.8 < 0.001 7.6 < 0.001
FPG 2126 mg/dL (%) 1.8 1.3 7.0 < 0.001 1.9 < 0.001
TC 2220 mg/dL (%) 324 < 0.001
HDL-C <40 mg/dL (%) 37 3.6 4.1 0.518 4.7 < 0.001
TG 2150 mg/dL (%) 16.7 16.1 229 < 0.001 16.6 < 0.001
eGFR <60 mL/min per 1.73m* (%) 5.8 4.5 19.0 < 0.001 8.4 < 0.001
Current smoking (%) 39.5 385 50.2 < 0.001 -

Habitual alcohol consumption (%) 70.0 69.9 71.0 0.670 -

Receiving treatment for -

(Continued)

Vascular Health and Risk Management 2026:22

https:



Nagayama et al

Table | (Continued).

Variables Baseline After 3 years

Total Individuals Individuals p value* Total p value’
With CAVI <9.0 | With CAVI >9.0

Hypertension (%) 85 6.3 321 < 0.001 -
Diabetes (%) 1.9 1.3 7.6 < 0.001 -
Dyslipidemia (%) 5.4 43 17.2 < 0.001 -

Notes: *p values between individuals with or without CAVI 2 9.0, Mann—Whitney U-test for continuous variables or Fischer’s exact test for dichotomous variables. §p value
vs baseline, Wilcoxon’s signed rank test for continuous variables or Fischer’s exact test for dichotomous variables.

Abbreviations: BMI, body mass index; WC, waist circumference; eLBMI, estimated lean body mass index; SBP, systolic blood pressure; DBP. Diastolic blood pressure;
CAVI, cardio-ankle vascular index; TP, total protein; A/G ratio, albumin to globulin ratio; FPG, fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; TG, triglycerides; eGFR, estimated glomerular filtration rate.

Comparison of Correlation Coefficients of Serum Protein Parameters with Clinical

Variables

Next, we examined the correlation between serum protein parameters and general anthropometric indices as well as
vascular/kidney function, as shown in Table 2. All three serum protein parameters; TP, albumin and A/G ratio, correlated
positively with male sex, eLBMI and eGFR, and negatively with age. In particular, compared to TP and A/G ratio,
albumin showed stronger correlation with both age and CAVI. Given its strong association with CAVI, albumin was
identified as a potential indicator of changes in vascular function.

Table 2 Comparison of Correlation Coefficients of Serum Protein Parameters vs Clinical Variables

vs TP p value vs Albumin p value vs A/G ratio p value
Male sex 0.084 < 0.001 0.230 < 0.001 0.180 < 0.001
(0.057, 0.110) (0.204, 0.256) (0.153, 0.206)
Age (years) —0.155 < 0.001 —0.331 < 0.001 -0.218 < 0.001
(-0.181, —0.128) (-0.355, —0.307) (-0.243, —0.192)
BMI (kg/m?) 0.116 < 0.001 -0.006 0.658 -0.106 < 0.001
(0.089, 0.143) (-0.033, 0.021) (-0.133, —0.079)
WC (cm) 0.115 < 0.001 -0.007 0.600 -0.108 < 0.001
(0.089, 0.142) (-0.034, 0.020) (-0.135, —0.081)
eLBMI (kg/m?) 0.124 < 0.001 0.164 < 0.001 0.073 < 0.001
(0.097, 0.150) (0.138, 0.190) (0.046, 0.100)
CAVI —0.086 < 0.001 -0.191 < 0.001 —0.127 < 0.001
(-0.112, —0.059) (-0.217, —0.164) (-0.153, —0.100)
eGFR (mL/min per 1.73m?) 0.064 < 0.001 0.109 < 0.001 0.058 < 0.001
(0.037, 0.091) (0.082, 0.136) (0.031, 0.084)

Notes: Data are expressed as Pearson’s correlation coefficient (95% confidence interval). Bold font denotes significant difference in coefficient
compared to the other two protein parameters.

Abbreviations: TP, total protein; A/G ratio, albumin/globulin ratio; BMI, body mass index; WC, waist circumference; eLBMI, estimated lean body
mass index; CAVI, cardio-ankle vascular index; eGFR, estimated glomerular filtration rate.
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Figure | Relationship of (A) CAVI or (B) serum albumin level with age. Data are expressed as mean * SD. *p < 0.001 vs the lowest group, Jonckheere-Terpstra trend test
followed by Bonferroni multiple comparison test.
Abbreviation: CAVI, cardio-ankle vascular index.

Relationship of CAVI or Serum Albumin Level with Age

This study aimed to clarify the relationship between albumin and CAVI, but both are associated with age. We therefore
examined the detailed relationship of CAVI or albumin with stratified age groups, as shown in Figure 1. CAVI showed
a linear positive relationship with age (Figure 1A), whereas albumin showed a linear inverse relationship (Figure 1B).

Logistic Regression Model for High CAVI (29.0)

Furthermore, we performed logistic regression analysis to clarify whether serum protein parameters are associated independently
with high CAVI, as shown in Table 3. Potential confounding factors were selected from those showing significant differences in
Table 1 and included age (65 years or older), sex (male), central obesity (waist circumference > 85 cm in men or > 90 cm in
women), hypertension, diabetes, dyslipidemia, current smoking, impaired renal function (eGFR < 60 mL/min/1.73m?), and

Table 3 Logistic Regression Model for High CAVI (29.0)

Variable Model | Model 2 Model 3

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

Age 265 years 20.20 (15.54, 26.26) | < 0.001 | 17.59 (13.46,22.99) | <0.001 | 18.26 (14.06, 23,71) | < 0.001

Male sex 1.65 (1.21, 2.23) 0.001 1.78 (1.31, 2.43) < 0.001 1.82 (1.34, 2.47) < 0.001

WC 285 (m) or 90 () cm | 093 (0.71, 1.23) 0615 0.93 (0.70, 1.22) 0.592 0.87 (0.66, 1.15) 0320

Hypertension 453 (3.52,582) | <000l | 461 (3.58,592) | <000l | 445 (3.46 572) | <0.00l
Diabetes 2.07 (1.31, 3.29) 0.002 1.93 (1.22, 3.07) 0.005 1.88 (1.19, 2.99) 0.007
Dyslipidemia 120 (0.94, 1.53) 0.147 130 (1.02, 1.67) 0.037 129 (1.01, 1.65) 0.046
Current smoking 1.35 (1.05, 1.75) 0.021 1.29 (1.00, 1.67) 0.049 1.34 (1.03, 1.73) 0.027
(Continued)
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Table 3 (Continued).

Variable Model | Model 2 Model 3

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value
eGFR <60 mL/min/1.73m? 1.73 (1.21, 2.47) 0.003 1.64 (1.15, 2.34) 0.007 1.64 (1.15, 2.35) 0.007
TP (I SD increase) 1.03 (0.91, 1.16) 0.676 - - - -
Albumin (I SD increase) - - 0.78 (0.68, 0.90) < 0.001 - -
A/G ratio (I SD increase) - - - - 0.80 (0.72, 0.89) < 0.001

Notes: Cox-Snell R? = 0.178 (model 1), 0.180 (Model 2) and 0.181 (model 3); Nagelkerke R? = 0.399 (Model 1), 0.403 (Model 2) and 0.405 (Model 3); (x* = 1032.023
(Model 1), 1042.846 (Model 2) and 1049.428 (Model 3); dif = 9 (All models); p < 0.001 (All models). Diabetes: FPG 2 126 mg/dL or treatments. Hypertension: SBP 2
140 and/or DBP 2 90 mmHg or treatments. Dyslipidemia: TC 2 220 mg/dL and/or HDL-C < 40 mg/dL and/or TG 2 150 mg/dL or treatments.

Abbreviations: CAVI, cardio-ankle vascular index; OR, odds ratio; WC, waist circumference; eGFR, estimated glomerular filtration rate; TP, total protein;
A/G ratio, albumin/globulin ratio; SD, standard deviation.

serum protein parameters (per 1 SD). Obesity, defined as BMI > 25 kg/m?, was excluded due to its intraclass correlation with high
WC. TP, albumin and A/G ratio were entered into separate models due to their intraclass correlations.

The analysis identified older age, male sex, hypertension, diabetes, dyslipidemia, current smoking and kidney
dysfunction to be independently associated with high CAVI. Notably, albumin (Model 2) and A/G ratio (Model 3)
were significantly associated with high CAVI independent of the other variables. TP and high WC were not indepen-
dently associated with high CAVI.

Changes in CAVI and eLBMI Over Three years vs Baseline Age and Albumin

Our previous study demonstrated that age was associated with both CAVI and eLBMI.® We therefore analyzed the effects
of both baseline albumin level and age on ACAVI and AeLBMI separately. Figure 2 shows cACAVI and AeLBMI over
three years stratified by age or albumin level at baseline. Jonckheere-Terpstra trend test revealed a significant inverse
trend of ACAVI among the stratified albumin groups (Figure 2B), whereas no significant trend was observed in the
stratified age groups (Figure 2A). In other words, lower baseline albumin level is associated with greater increase in
CAVI in subsequent follow-up, whereas age is not associated with ACAVI. In contrast, AeLBMI showed an inverse trend
with baseline age (Figure 2C), and a positive trend with baseline albumin (Figure 2D). Therefore, it remains unclear
whether baseline age and albumin level independently predict change in lean body mass in subsequent follow-up.

Mediation Analyses of Aelbmi as Potential Mediator of the Association Between
Baseline Albumin and ACAVI

Based on the above results, albumin appeared to be an indicator reflecting the changes in both vascular function and lean
body mass. We therefore examined whether the significant inverse relationship between baseline and ACAVI is mediated
by AeLBMI, as shown in Figure 3.

In separate mediation analyses for men (Figure 3A) and women (Figure 3B), no significant mediating effect of
AeLBMI was observed. Next, we conducted a similar analysis for all participants. The total effect of baseline albumin on
ACAVI was —0.042 (95% CI: —0.069 to —0.015, p < 0.001), and AeLBMI partially mediated the relationship between
baseline albumin and ACAVI, with mediation rate of 5.5% (Figure 3C). Additionally, even after age adjustment, the
significant mediation effect remained, with mediation rate of 3.4% (Figure 3D).

Discussion

This retrospective cohort study of Japanese urban residents who participated in three consecutive annual health screen-
ings aimed to clarify the interaction between albumin, lean body mass and vascular function. As a result, the following
findings were obtained: (1) albumin more strongly correlated with CAVI compared to TP and A/G ratio; (2) albumin was
associated with high CAVI, independent of aging and traditional CVD risk factors; (3) relatively lower baseline albumin
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Figure 2 ACAVI stratified by (A) baseline age and (B) baseline albumin level, and AeLBMI stratified by (C) baseline age and (D) albumin level. Data are expressed as mean * SE.
*p < 0.05, ¥p < 0.001 vs the lowest group, Jonckheere-Terpstra trend test followed by Bonferroni multiple comparison test.
Abbreviations: A, change over three years; SE, standard error; eLBMI, estimated lean body mass index; CAVI, cardio-ankle vascular index.

was associated with subsequent increase in CAVI, independent of age; and (4) mediation analysis suggested that the
effect of baseline albumin on ACAVI was partially mediated by AeLBMI. The novelty of this study lies in the discovery
of a relationship between albumin and both lean body mass as well as vascular function within the same population.
Therapeutic approaches that increase albumin are expected to improve vascular function not only through the antioxidant
and endothelial-restoring effects of albumin, but also by increasing lean body mass.

How can the findings of this study—that low albumin levels negatively affect vascular function through changes in lean
body mass—be utilized? In routine clinical practice, medical nutrition therapy (MNT) is widely used not only for metabolic
disorders and organ dysfunction, but also for the management of malnutrition.’® For example, a review on sarcopenic
patients concluded that exercise combined with MNT increased both skeletal muscle index and albumin.®> MNT that
provides sufficient dietary protein is also known to attenuate the impact of low albumin on increased mortality.**
Furthermore, several specific MNTs have been reported to also improve vascular function as assessed by CAVI. We
previously showed that MNT using a protein-sparing modified formula diet decreased CAVI in obese individuals with type
2 diabetes.*® The protein-sparing modified formula diet may decrease CAVI due to its strong effect in improving metabolic
disorders per 1% weight reduction.’® Based on the results of the present study, this finding can be interpreted as meaning
that not only weight reduction but also the maintenance of lean body mass due to sufficient protein intake contributed to the
improved vascular function. Considering that persistent CAVI impairment is an independent risk factor for future CVD
events,37 MNTs that lower CAVI may contribute to favorable clinical outcomes. On the other hand, whether interventions

that increase albumin improve CAVI remains unclear, and requires further verification.
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Figure 3 Mediation analyses of AeLBMI as potential mediator of the association between baseline albumin level and ACAVI. Mediation model was univariate analysis in (A)
men, in (B) women and in (C) total participants, and (D) adjusted for age in total participants.
Abbreviations: A, change over three years. B, standardized B coefficient; eLBMI, estimated lean body mass index; CAVI, cardio-ankle vascular index.

In the present study, unlike TP, albumin and A/G ratio were each independently associated with high CAVI. However,
we focused on albumin among serum protein parameters due to its strong correlation with CAVI, as shown in Table 2.
Why does albumin reflect vascular function more robustly than TP and A/G ratio? A probable explanation is that albumin
directly reflects pathophysiological processes related to vascular dysfunction, such as systemic inflammation, oxidative
stress and endothelial dysfunction. Serum albumin neutralizes reactive oxygen species, binds to pro-inflammatory ligands
such as homocysteine and metals, and has anticoagulants and antiplatelet properties.'* In contrast, TP and A/G ratio are
affected by globulin fractions and various pathophysiological conditions not directly related to vascular function.*®
Therefore, the affinity between albumin and CAVI observed in this study is consistent with previous reports.

We also examined the effects of albumin on vascular function mediated by changes in lean body mass, a surrogate of
skeletal muscle mass. First, regarding the predictive value of albumin for skeletal muscle mass, albumin is involved in
biological processes that support skeletal muscle growth and maintenance.'' Specifically, albumin acts as a non-specific
transporter of androgens, thereby promoting muscle protein synthesis and satellite cell proliferation. In addition, increase
in albumin level reflects favorable nutritional status associated with reduced skeletal muscle catabolism and resolved
inflammatory response.>” The positive correlation between baseline albumin and AeLBMI observed in the present study
therefore appears reasonable. Second, concerning the relationship between skeletal muscle mass assessed by eLBMI and
CAVI, skeletal muscle per se may affect vascular function independent of albumin. Previous study has shown that the
muscle mass deficit assessed by bioimpedance is independently associated with vascular dysfunction indicated by
increased CAVI in middle-aged men.*® Similarly, our previous study demonstrated an inverse relationship between
eLBMI and CAVL.® Since skeletal muscle loss is a major cause of sarcopenia, these findings are consistent with report
showing higher CAVI in heart failure patients with sarcopenia compared to those without.*' Qualitative or quantitative

degeneration of skeletal muscle tissue may promote arteriosclerosis via increased insulin resistance, inflammation and
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oxidative stress.*** Furthermore, atherosclerosis is increasingly recognized as being promoted through dysregulation of
myokines, muscle-derived signaling molecules. For instance, reduced beneficial myokines such as irisin and myonectin
can impair carbohydrate and lipid metabolism, energy expenditure and anti-inflammatory processes, resulting in the
progression of vascular dysfunction.** Therefore, the linkage between AeLBMI and ACAVI observed in this study is
plausible. Current evidence demonstrates that interventions aiming at increasing muscle mass or improving muscle
quality, most commonly through resistance training or combined exercise regimens, can suppress the progression of
atherosclerosis or reduce CVD risk.*’

It should be noted that the participants in this study were not sarcopenic patients, but rather individuals from the general
population undergoing health screenings. In this study population, AeLBMI correlated inversely with ACAVI; however, in
middle-aged participants, AeLBMI actually reflected increases in eLBMI over three years. In other words, the increase in
CAVI among participants was not necessarily attributable to decreases in eELBMI. Therefore, the results of this study should
not be conflated with the high CAVI observed in sarcopenic patients with reduced skeletal muscle mass. To generalize the
findings of this study to sarcopenic patients, it is essential to confirm that the pathophysiological conditions causing rapid
skeletal muscle loss (such as CVD, malignant neoplasms and/or chronic inflammatory diseases) increase CAVI.

This study has several limitations. First, since most participants were healthy individuals from the general population,
our findings cannot be generalized to patients with wasting diseases that cause pathological loss of skeletal muscle. Second,
skeletal muscle mass indicated by eLBMI is less accurate than measurements using DXA. Third, the lack of information
regarding protein intake and physical activity levels also constitutes a limitation of this study. Fourth, although the
mediating effect of ALBMI on the relationship between baseline albumin and ACAVI remained significant after adjustment
for age, the statistical power of the present database was insufficient to establish a significant model in sex-stratified
analyses or when additional confounding variables were included; this should be considered a limitation. Fifth, since this
study relies on secondary data, and the participants’ health status may not be adequately described, conclusions regarding
the relationship between CAVI and eLBMI may not necessarily be valid. Finally, individuals who voluntarily participated in
health screenings may have higher health awareness and healthier lifestyle habits compared to those who did not participate.

Conclusion

As serum albumin level predicts CAVI mediated by changes in lean body mass, appropriate nutrition management aimed
at enhancing skeletal muscle mass may be useful for reliable prevention of CVD. Future interventional studies are
warranted to determine whether nutritional strategies aimed at correcting hypoalbuminemia and skeletal muscle defi-
ciency can improve vascular function, as well as to elucidate the underlying mechanisms of such effects.
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