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Aims: Cardio-ankle vascular index (CAVI) is a non-invasive method for evaluating arterial stiffness. In adults, CAVI has been reported to show negative correlation with body mass index (BMI) known as the “obesity paradox”; however, whether this also applies to children remains unclear. In addition, childhood obesity is a problem in developed countries, and the utility of CAVI in children has not yet been clarified. We here aimed to clarify the relationship between obesity parameters and CAVI in healthy children.



Methods: This was a cross-sectional study conducted in 2024. We evaluated CAVI and its associated factors in 590 children aged 6–15 years (mean age: 10.5 years, 51.0% female). Additionally, obesity parameters, including the Rohrer index, percentage of overweight (POW), body fat percentage and body fat mass determined by bioelectrical impedance analysis, and BMI were assessed. The participants were categorized into groups based on the obesity parameters.



Results: CAVI decreased as obesity level increased, showing the lowest CAVI in the highest obesity category. CAVI was positively correlated with age (R = 0.18, p < 0.05), and was negatively correlated with Rohrer index, body fat percentage, body fat mass, POW, BMI, and heart rate, (R = −0.33, R = −0.23, R = −0.14, R = −0.30, R = −0.19, R = −0.14, respectively; p < 0.01 for all). In contrast, CAVI showed no significant correlation with blood pressure or body weight. Furthermore, multiple linear regression analyses after adjusting for possible obesity-related factors including age, sex, blood pressure, and heart rate, showed that all obesity parameters were independent predictors of CAVI.



Conclusion: Obesity parameters are negatively and independently associated with CAVI in healthy children.
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Introduction

Cardio-ankle vascular index (CAVI) is a non-invasive and simple method for evaluating arterial stiffness and arteriosclerosis, and has been reported to be useful for predicting cardiovascular disease in adults (1–5). However, there is a negative correlation between CAVI and body mass index (BMI) in healthy adults, known as the “obesity paradox” (6, 7). Namely, CAVI tends to be lower in obese adults, who are at increased risk for hypertension, diabetes, dyslipidemia, and cardiovascular disease. However, since there are possible obesity-related factors (age, sex, blood pressure, heart rate, body fat mass, vascular characteristics, and etc.), it is not clear enough about the cause of “obesity paradox”.

Childhood obesity is a significant problem in developed countries (8, 9). Pathological arteriosclerosis such as intimal thickening has been reported to progress with age, starting from the first year of life (10). Since childhood obesity is likely to continue into adulthood, with associated increases in morbidity and mortality, early intervention is crucial. Evaluating arterial stiffness from childhood is important for preventing arteriosclerosis and reducing the risk of future cardiovascular diseases (11). However, there are only a few studies on CAVI and BMI in children (12, 13), and its validity and accuracy in these populations remain unclear. Additionally, BMI is not necessarily appropriate for assessing childhood obesity. BMI is calculated based on height and weight, varies greatly during growth for specific ages, and thus fixed cut-off values for obesity cannot be set for children (14, 15). Instead, Rohrer index is known to be appropriate for assessing childhood obesity (16, 17). In addition, percentage of overweight (POW) has reflects the actual condition related to the physical status of children with regard to fatness in puberty to a greater extent than BMI (14). Furthermore, the bioelectrical impedance analysis (BIA) method can classify childhood obesity in more accurate than BMI (18, 19).

Furthermore, CAVI measures the combined properties of the aorta, femoral artery, and tibial artery. The aorta is an elastic artery, whereas the femoral and tibial arteries are muscular vessels (20). The difference in the ratio of elastic and muscular blood vessels in the total length of the measured vessels may affect CAVI. To clarify impact of property of elastic and muscular blood vessels on CAVI, we newly tried to use muscular vessel ratio (MVR) in the study.

Therefore, the purpose of the present study was (A) to evaluate the validity and accuracy of CAVI measurement, (B) to clarify the relationships between CAVI and several obesity parameters (Rohrer index, POW, BMI, body fat percentage and body fat mass determined by BIA), and (C) to examine the factor which influence “obesity paradox” such as blood pressure, MVR etc., in healthy children and adolescents.



Methods


Study population

Study flow chart is presented in Figure 1. This was a cross-sectional study of 626 children and adolescents aged 6–15 years (mean 10.5 years; 51% females) who took part in a health promotion event held by Fukushima Medical University School of Health Sciences in 2024. We measured their CAVI, height, weight, Rohrer index, POW, and BMI, as well as their body fat percentage and body fat mass, assessed using BIA. The exclusion criteria were clear evidence of obliterative arterial disease; clear evidence of arrhythmia such as atrial fibrillation; and refusal to undergo measurement. There were no subjects who met the exclusion criteria. However, of the 626 study participants, 36 were excluded due to inability to remain still or irregular waveforms, resulting in a final analysis of 590 individuals. Out of the 590 participants, 561 were measured body fat percentage and body fat mass determined by BIA.


[image: Flowchart depicting the selection of participants for a health promotion event. Initially, 626 children aged six to fifteen participated. Thirty-six were excluded due to inability to remain still, resulting in 590 who had obesity indicators calculated. Of these, twenty-nine did not undergo BIA measurement, leaving 561 participants.]
FIGURE 1
Study flow chart. This study included 626 children and adolescents aged 6–15 years. Of the 626 study participants, 36 were excluded because they were unable to maintain a resting state during CAVI measurement or showed irregular waveforms. Furthermore, 29 participants did not undergo BIA measurement. The analysis was ultimately conducted on 561 participants.


To evaluate the accuracy and validity of CAVI measurements, we measured the length of the participants' blood vessels over their clothing with a tape measure and compared it to the vessel length calculated from height based on CAVI measurements. CAVI is consisted of the combined properties of elastic vessel (i.e., aorta) and muscular vessel (i.e., femoral and tibial arteries) (20). To clarify the impact of property of elastic and muscular blood vessels on CAVI, we tried to assess MVR. Based on previous reports (20–22), vascular length was defined as follows: the distance from the second intercostal space to the base of the foot (L1), the distance from the base of the foot to the knee (L2), and the distance from the knee to the ankle (L3). The MVR was defined as (L2 + L3)/(L1 + L2 + L3).

We examined the relationship between each obesity parameter (Rohrer index, body fat percentage, POW, and BMI) and CAVI. The Rohrer index is used as an indicator of childhood obesity and is calculated as follows: weight (kg)/height (m3) (16, 17). Body fat percentage was measured using BIA. According to the criteria for childhood obesity adopted by the Ministry of Education, Culture, Sports, Science and Technology in Japan, a child was considered to be obese when the POW exceeded 20%. POW = 20% means that one's body weight is 120% of standard body weight, which is defined as the mean body weight corresponding to the height for that age obtained from the national statistics for Japanese school children in 2000. BMI is calculated as follows: weight (kg)/height (m2) (16, 18, 23, 24). The study participants were divided into groups based on Rohrer index (lean, moderately lean, normal, moderately obese, and obese) (17, 25), body fat percentage (underweight, −normal, +normal, overweight, obese), POW (underweight, normal, mild obesity, moderate obesity, severe obesity), and BMI (underweight, normal weight, and overweight-obesity) (15, 26–28). We compared CAVI, height, weight, Rohrer index, body fat percentage, POW, and BMI, blood pressure, heart rate (HR), and MVR among the groups. The study protocol was approved by the Research Ethics Committee of Fukushima Medical University (No.2021-186, REC2023-029). The participants were given a written explanation of the study, and consent for participation was obtained from both the participants and their guardians.



CAVI measurement

CAVI was measured automatically using VaSera VS-3000TE (Fukuda Denshi Co., Ltd., Tokyo, Japan) with the participant in the supine position (20). Cuffs were attached bilaterally to the upper arms and ankles. The cuff size for the upper arm was selected based on the measured circumference from the following three sizes: S (170–220 mm), M (220–300 mm), and L (300–390 mm). Electrocardiogram electrodes were placed on both wrists and a microphone was placed on the sternum. The average CAVI from both sides was used for analysis.



Measurements of body fat percentage and body fat mass

Body fat percentage and body fat mass were measured using MC-780A-N (TANITA Co., Ltd., Tokyo, Japan) with the participant in the standing position. Body composition was estimated to be using the multi-frequency bioelectrical impedance analysis method by measuring electrical resistance, which reflects the ease of current flow through the body (23).



Statistical analysis

Normality was confirmed using the Shapiro–Wilk test. Normally distributed data are expressed as mean ± standard deviation. Categorical variables are expressed as numbers (percentages), and the chi-square test was used for comparison. Comparison of parametric variables between groups was conducted using one-way analysis of variance, followed by Bonferroni post-hoc analysis. The associations between CAVI and obesity parameters (i.e., POW, Rohrer index, BMI, and body fat percentage) were examined using Pearson's correlation analysis for parametric variables. The difference between CAVI-based and manually measured vascular lengths was assessed with linear regression analysis and Bland-Altman analysis. Multiple linear regression analyses were performed to assess the associations between CAVI and obesity parameters, as well as variables commonly associated with CAVI (e.g., age, sex, and blood pressure, HR). A p value of <0.05 was considered statistically significant in all analyses. All analyses were conducted using IBM SPSS Statistics version 26 (IBM, Armonk, NY, USA).




Results

We firstly examined the accuracy and validity of CAVI measurements in children. Linear regression analysis revealed strong correlations between the manually measured and CAVI-based vessel lengths (R = 0.922, p < 0.001, Figure 2), and the Bland-Altman analysis showed a mean difference of 3.44 ± 5.36, indicating excellent concordance.


[image: Scatter plot (Bland-Altman plot) showing the difference between measured and calculated vessel lengths versus the mean of these lengths in centimeters. Data points cluster around the mean difference of 3.45. Upper limit (+1.96 SD) is 14.12 and lower limit (-1.96 SD) is -7.21. Correlation coefficient (R) is 0.919, with a significance value of p less than 0.001.]
FIGURE 2
Bland-Altman plots of manually measured and CAVI-based vessel lengths for each parameter. The linear regression analysis revealed strong correlations between the vascular lengths measured by the two methods (R = 0.922, p < 0.001), and the Bland-Altman analysis showed mean differences were 3.45 ± 5.36. These results suggest excellent agreement between the two measurements.


Next, we examined the relationship between each obesity parameter (Rohrer index, body fat percentage, POW, and BMI) and CAVI. The results of CAVI comparisons based on obesity classification using the Rohrer index are shown in Table 1. CAVI decreased as obesity levels increased, showing the lowest CAVI in the groups with the highest obesity (p < 0.001). Similarly, CAVI decreased as the degree of obesity increased for other obesity parameters (Table 2, body fat percentage based on BIA; Table 3, POW; and Table 4, BMI). Additionally, these highest obesity groups exhibited the highest SBP (p < 0.001; Tables 1–4). With respect to age and sex, except for the body fat percentage classification (Table 2), there were no differences in sex among the groups. Except for body fat percentage classification (Table 2), age showed significant differences without specific tendency. In both the male and female participants, CAVI was lowest in the group with the highest obesity (Figure 3). Comparisons of other parameters stratified by gender based on obesity classes are shown in Supplementary Tables (1a, Rohrer index-male; 1b, Rohrer index-female; 2a, body fat percentage based on BIA-male; 2b, body fat percentage based on BIA-female; 3a, POW-male; 3b, POW-female; 4a, BMI-male; 4b, BMI-female).



TABLE 1 Cardio-ankle vascular index of participants by Rohrer index classification (n = 590).



	Rohrer index 
categories
	Total
	Lean
	Moderately lean
	Normal
	Moderately obese
	Obese
	p value



	Rohrer index (kg/m3)
	Rohrer index < 100
	100 ≤ Rohrer index < 115
	115 ≤ Rohrer index < 145
	145 ≤ Rohrer index < 160
	160 ≤ Rohrer index





	Rohrer index (kg/m3)
	129.1 ± 22.3
	101.5 ± 13.5
	108.6 ± 4.3
	127.8 ± 8.4
	149.7 ± 6.8
	178.6 ± 20.9
	<0.001



	n
	590
	24
	137
	320
	52
	57
	-



	CAVI
	4.7 ± 0.6
	5.0 ± 0.6
	4.9 ± 0.6
	4.7 ± 0.6**
	4.5 ± 0.5*,**
	4.3 ± 0.7*,**,***
	<0.001



	Age, n (%)
	10.5 ± 2.6
	11.9 ± 1.9
	11.1 ± 2.3
	10.1 ± 2.8*,**
	10.7 ± 2.4
	10.8 ± 2.4
	<0.001



	Female, n (%)
	301 (51.0)
	7 (29.2)
	74 (54.0)
	167 (52.2)
	28 (53.8)
	25 (43.9)
	0.160



	SBP (mmHg)
	116.9 ± 10.5
	119.8 ± 10.0
	116.0 ± 10.0
	115.7 ± 10.4
	119.2 ± 8.8
	122.0 ± 11.9**,***
	<0.001



	DBP (mmHg)
	68.7 ± 6.7
	68.6 ± 6.7
	68.9 ± 6.5
	68.3 ± 6.7
	69.5 ± 6.4
	69.7 ± 7.1
	0.564



	MBP (mmHg)
	84.8 ± 7.1
	85.7 ± 7.2
	84.6 ± 6.9
	84.1 ± 7.2
	86.0 ± 6.5
	87.1 ± 7.7 ***
	0.029



	PP (mmHg)
	48.2 ± 8.3
	51.3 ± 6.9
	47.1 ± 8.0
	47.4 ± 8.1
	49.8 ± 6.8
	52.3 ± 9.9**,***
	<0.001



	HR (bpm)
	78.9 ± 14.6
	73.6 ± 10.8
	77.3 ± 14.6
	79.1 ± 14.5
	80.6 ± 17.6
	82.0 ± 12.5
	0.101



	MVR (%)
	48.6 ± 0.4
	48.9 ± 0.3
	48.7 ± 0.4
	48.5 ± 0.5*,**
	48.6 ± 0.3
	48.6 ± 0.4
	<0.001



	Height (cm)
	142.5 ± 16.1
	155.6 ± 13.8
	145.8 ± 13.7*
	139.5 ± 17.0*,**
	144.0 ± 13.9*
	145.0 ± 14.2
	<0.001



	Body weight (kg)
	38.7 ± 14.4
	38.6 ± 9.6
	34.4 ± 9.3
	36.2 ± 13.2
	46.0 ± 13.2**,***
	56.2 ± 18.4*,**,***,****
	<0.001



	POW (%)
	2.6 ± 17.9
	−16.3 ± 10.0
	−12.9 ± 3.9
	0.9 ± 7.4*,**
	19.0 ± 6.6*,**,***
	42.5 ± 17.2*,**,***,****
	<0.001



	BMI (kg/m2)
	18.4 ± 3.8
	15.7 ± 2.1
	15.8 ± 1.4
	17.8 ± 2.4*,**
	21.6 ± 2.5*,**,***
	25.9 ± 4.1*,**,***,****
	<0.001



	BIA n = 561
	561
	17
	132
	307
	50
	55
	-



	Body fat percentage (%)
	20.0 ± 9.6
	10.1 ± 4.2
	13.4 ± 5.3
	18.5 ± 6.3*,**
	29.2 ± 5.3*,**,***
	38.7 ± 6.8*,**,***,****
	<0.001



	Body fat mass (kg)
	8.8 ± 7.3
	3.8 ± 1.4
	4.8 ± 2.6
	7.3 ± 4.5**
	14.2 ± 5.7*,**,***
	22.8 ± 10.3*,**,***,****
	<0.001



	Lean body mass (kg)
	30.3 ± 9.0
	34.7 ± 8.9
	29.8 ± 7.6
	29.1 ± 9.4
	32.7 ± 7.5
	34.3 ± 9.1**,***
	<0.001




	CAVI, cardio-ankle vascular index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; HR, heart rate; MVR, muscular vessel ratio; POW, percentage of overweight; BMI, body mass index; BIA, bioelectrical impedance analysis.


	*p < 0.05 vs. lean.


	**p < 0.05 vs. moderately lean.


	***p < 0.05 vs. normal.


	****p < 0.05 vs. moderately obese.









TABLE 2 Cardio-ankle vascular index of participants by body fat percentage classification (n = 561).



	Body fat percentage 
categories
	Total
	Underweight
	−Normal
	+Normal
	Overweight
	Obese
	p value



	Body fat percentage (%)
	20.0 ± 9.6
	7.4 ± 3.4
	14.8 ± 4.6
	22.9 ± 4.7
	29.6 ± 3.5
	39.2 ± 6.2
	<0.001





	n
	561
	36
	279
	150
	39
	57
	-



	CAVI
	4.7 ± 0.6
	5.1 ± 0.6
	4.7 ± 0.6
	4.6 ± 0.6*
	4.5 ± 0.6*
	4.4 ± 0.7*,**
	<0.001



	Age, n (%)
	10.6 ± 2.6
	10.1 ± 2.9
	10.4 ± 2.7
	10.7 ± 2.7
	10.8 ± 2.1
	11.1 ± 2.3
	0.167



	Female, n (%)
	289 (51.5)
	10 (27.8)
	152 (54.5)
	87 (58.0)
	20 (51.3)
	20 (35.1)
	0.001



	SBP (mmHg)
	116.9 ± 10.5
	111.5 ± 9.1
	114.9 ± 10.1
	118.6 ± 9.9*,**
	120.9 ± 8.5*,**
	122.7 ± 11.8*,**
	<0.001



	DBP (mmHg)
	68.7 ± 6.7
	64.9 ± 5.8
	68.3 ± 6.9*
	69.4 ± 6.4*
	70.4 ± 5.7*
	69.8 ± 7.0*
	0.001



	MBP (mmHg)
	84.7 ± 7.2
	80.5 ± 6.5
	83.8 ± 7.2
	85.8 ± 6.7*
	87.2 ± 6.0*,**
	87.4 ± 7.7*,**
	<0.001



	PP (mmHg)
	48.2 ± 8.3
	46.6 ± 6.2
	46.6 ± 8.0
	49.3 ± 8.2**
	50.5 ± 6.6
	52.9 ± 9.5*,**,***
	<0.001



	HR (bpm)
	78.9 ± 14.8
	75.6 ± 13.4
	78.7 ± 14.7
	78.0 ± 14.1
	80.8 ± 14.4
	83.1 ± 17.2
	0.106



	MVR (%)
	48.6 ± 0.4
	48.5 ± 0.5
	48.5 ± 0.4
	48.7 ± 0.4**
	48.7 ± 0.3
	48.7 ± 0.4**
	0.001



	Height (cm)
	142.8 ± 16.1
	138.3 ± 17.3
	140.4 ± 16.5
	145.4 ± 15.6**
	145.7 ± 13.7
	148.7 ± 13.4*,**
	<0.001



	Body weight (kg)
	39.0 ± 14.5
	28.4 ± 9.1
	33.3 ± 10.5
	42.4 ± 12.6*,**
	47.1 ± 11.5*,**
	59.0 ± 16.7*,**,***,****
	<0.001



	Rohrer index (kg/m3)
	129.5 ± 22.7
	105.2 ± 9.6
	117.5 ± 10.0*
	134.3 ± 11.1*,**
	150.4 ± 11.0*,**,***
	176.3 ± 22.5*,**,***,****
	<0.001



	POW (%)
	2.9 ± 18.2
	−16.5 ± 5.6
	−7.2 ± 6.6*
	7.0 ± 8.1*,**
	20.6 ± 7.2*,**,***
	41.6 ± 17.6*,**,***,****
	<0.001



	BMI (kg/m2)
	18.5 ± 3.8
	14.4 ± 1.2
	16.4 ± 1.7*
	19.5 ± 2.3*,**
	21.8 ± 1.6*,**,***
	26.2 ± 3.7*,**,***,****
	<0.001



	Body fat mass (kg)
	8.8 ± 7.3
	2.2 ± 1.4
	5.2 ± 2.8*
	10.0 ± 4.3*,**
	14.0 ± 4.1*,**,***
	23.6 ± 9.5*,**,***,****
	<0.001



	Lean body mass (kg)
	30.3 ± 9.0
	26.2 ± 8.2
	28.2 ± 8.4
	32.4 ± 9.1*,**
	33.1 ± 8.0*,**
	35.3 ± 8.9*,**
	<0.001




	CAVI, cardio-ankle vascular index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; HR, heart rate; MVR, muscular vessel ratio; POW, percentage of overweight; BMI, body mass index.


	*p < 0.05 vs. underweight.


	**p < 0.05 vs. −normal.


	***p < 0.05 vs. +normal.


	****p < 0.05 vs. overweight.









TABLE 3 Cardio-ankle vascular index of participants by percentage of overweight classification (n = 590).



	POW categories
	Total
	Underweight
	Normal
	Mild obesity
	Moderate obesity
	Severe obesity
	p value



	POW (%)
	POW ≤ −20
	−20 < POW <  + 20
	+20 ≤ POW < +30
	+30 ≤ POW < +50
	+50 ≤ POW



	POW (%)
	2.6 ± 17.9
	−22.4 ± 2.8
	−2.1 ± 9.7
	23.6 ± 2.6
	37.8 ± 6.0
	62.2 ± 13.2
	<0.001





	N
	590
	20
	491
	29
	33
	17
	-



	CAVI
	4.7 ± 0.6
	5.1 ± 0.7
	4.7 ± 0.6*
	4.5 ± 0.5*
	4.4 ± 0.5*
	4.1 ± 0.9*,**
	<0.001



	Age, n (%)
	10.5 ± 2.6
	11.7 ± 2.5
	10.4 ± 2.7
	11.1 ± 2.3
	10.6 ± 2.0
	11.8 ± 2.6
	0.027



	Female, n (%)
	301 (51)
	11 (55.0)
	253 (51.5)
	18 (62.1)
	13 (39.4)
	6 (35.3)
	0.282



	SBP (mmHg)
	116.9 ± 10.5
	115.1 ± 10.0
	116.1 ± 10.1
	121.1 ± 8.4
	120.1 ± 10.5
	128.9 ± 13.4*,**,****
	<0.001



	DBP (mmHg)
	68.7 ± 6.7
	65.4 ± 5.7
	68.6 ± 6.6
	70.5 ± 6.4
	69.4 ± 7.1
	71.2 ± 8.5
	0.045



	MBP (mmHg)
	84.8 ± 7.1
	82.0 ± 6.5
	84.4 ± 7.0
	87.4 ± 6.2
	86.3 ± 7.2
	90.4 ± 9.4*,**
	<0.001



	PP (mmHg)
	48.2 ± 8.3
	50.0 ± 7.7
	47.4 ± 8.0
	50.6 ± 7.3
	50.7 ± 9.1
	57.7 ± 9.3*,**,***,****
	<0.001



	HR (bpm)
	78.9 ± 14.6
	72.6 ± 12.3
	78.5 ± 14.4
	83.1 ± 20.6
	81.1 ± 12.6
	84.8 ± 12.6
	0.044



	MVR (%)
	48.6 ± 0.4
	48.7 ± 0.3
	48.6 ± 0.4
	48.6 ± 0.3
	48.7 ± 0.4
	48.7 ± 0.4
	0.148



	Height (cm)
	142.5 ± 16.1
	151.3 ± 13.2
	141.6 ± 16.4
	144.8 ± 14.1
	144.8 ± 12.1
	151.9 ± 15.5
	0.005



	Body weight (kg)
	38.7 ± 14.4
	34.1 ± 8.1
	36.2 ± 12.3
	48.1 ± 13.3*,**
	53.3 ± 12.7*,**
	71.4 ± 19.0*,**,***,****
	<0.001



	Rohrer index (kg/m3)
	129.1 ± 22.3
	96.9 ± 6.9
	123.5 ± 12.7*
	154.8 ± 5.9*,**
	172.7 ± 9.4*,**,***
	200.3 ± 19.6*,**,***,****
	<0.001



	BMI (kg/m2)
	18.4 ± 3.8
	14.6 ± 1.3
	17.4 ± 2.5*
	22.4 ± 2.0*,**
	25.0 ± 2.0*,**,***
	30.3 ± 3.2*,**,***,****
	<0.001



	BIA n = 561
	561
	19
	463
	29
	33
	17
	-



	Body fat percentage (%)
	20.0 ± 9.6
	11.3 ± 5.9
	17.6 ± 6.9*
	30.3 ± 4.7*,**
	36.8 ± 4.3*,**,***
	45.0 ± 6.8*,**,***,****
	<0.001



	Body fat mass (kg)
	8.8 ± 7.3
	3.9 ± 2.2
	6.9 ± 4.5
	14.9 ± 5.7*,**
	19.8 ± 5.9*,**,***
	32.4 ± 11.0*,**,***,****
	<0.001



	Lean body mass (kg)
	30.3 ± 9.0
	29.6 ± 7.0
	29.6 ± 8.9
	33.2 ± 8.3
	33.5 ± 7.6
	39.0 ± 10.4*,**
	<0.001




	POW, percentage of overweight; CAVI, cardio-ankle vascular index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; HR, heart rate; MVR, muscular vessel ratio; BMI, body mass index; BIA, bioelectrical impedance analysis.


	*p < 0.05 vs. underweight.


	**p < 0.05 vs. normal.


	***p < 0.05 vs. mild obesity.


	****p < 0.05 vs. moderate obesity.









TABLE 4 Cardio-ankle vascular index of participants by body mass index classification (n = 590).



	Body mass index 
categories
	Total
	Underweight
	Normal weight
	Overweight to obesity
	p value



	Body mass index (kg/m2)
	Body mass index < 18.5
	18.5 ≤ Body mass index < 25
	25 ≤ Body mass index



	Body mass index (kg/m2)
	18.4 ± 3.8
	16.0 ± 1.4
	21.0 ± 1.7
	28.3 ± 3.1
	<0.001





	N
	590
	360
	194
	36
	-



	CAVI
	4.7 ± 0.6
	4.8 ± 0.6
	4.7 ± 0.6
	4.3 ± 0.7*,**
	<0.001



	Age, n (%)
	10.5 ± 2.6
	9.5 ± 2.5
	11.9 ± 2.1*
	12.4 ± 1.9*
	<0.001



	Female, n (%)
	301 (51.0)
	177 (49.2)
	108 (55.7)
	16 (44.4)
	0.248



	SBP (mmHg)
	116.9 ± 10.5
	114.0 ± 9.6
	120.2 ± 9.6*
	127.5 ± 11.5*,**
	<0.001



	DBP (mmHg)
	68.7 ± 6.7
	68.2 ± 6.7
	69.4 ± 6.1
	70.7 ± 8.4
	0.029



	MBP (mmHg)
	84.8 ± 7.1
	83.5 ± 7.0
	86.3 ± 6.4*
	89.6 ± 8.7*,**
	<0.001



	PP (mmHg)
	48.2 ± 8.3
	46.0 ± 7.4
	50.8 ± 8.0*
	56.9 ± 8.3*,**
	<0.001



	HR (bpm)
	78.9 ± 14.6
	80.1 ± 13.8
	76.0 ± 14.5*
	82.1 ± 20.0
	0.003



	MVR (%)
	48.6 ± 0.4
	48.5 ± 0.4
	48.8 ± 0.3*
	48.9 ± 0.3*
	<0.001



	Height (cm)
	142.5 ± 16.1
	136.5 ± 15.5
	151.4 ± 11.9*
	155.3 ± 11.0*
	<0.001



	Body weight (kg)
	38.7 ± 14.4
	30.5 ± 8.7
	48.3 ± 8.5*
	68.7 ± 13.6*,**
	<0.001



	Rohrer index (kg/m3)
	129.1 ± 22.3
	118.2 ± 12.4
	139.4 ± 16.6*
	182.9 ± 22.5*,**
	<0.001



	POW (%)
	2.6 ± 17.9
	−6.8 ± 8.4
	11.6 ± 12.8*
	47.6 ± 17.5*,**
	<0.001



	BIA n = 561
	561
	337
	188
	36
	



	Body fat percentage (%)
	20.0 ± 9.6
	14.3 ± 4.9
	26.2 ± 6.3*
	41.1 ± 6.9*,**
	<0.001



	Body fat mass (kg)
	8.8 ± 7.3
	4.5 ± 2.3
	12.6 ± 3.7*
	28.4 ± 8.7*,**
	<0.001



	Lean body mass (kg)
	30.2 ± 9.0
	26.2 ± 7.5
	35.7 ± 7.2*
	40.2 ± 8.0*,**
	<0.001




	CAVI, cardio-ankle vascular index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; HR, heart rate; MVR, muscular vessel ratio; POW, percentage of overweight; BIA, bioelectrical impedance analysis.


	*p < 0.05 vs. underweight.


	**p < 0.05 vs. normal weight.








[image: Bar charts show CAVI indices for males and females across different metrics: Rohrer index class, percent body fat class, percentage of overweight class, and BMI class. Each chart indicates statistical significance with asterisks. Sample sizes for each category are noted on the bars. Error bars reflect variability.]
FIGURE 3
Comparison of CAVI by category of percentage of overweight. In both males and females, CAVI was lowest in the group with the highest obesity.


In addition, as shown in Table 5, CAVI was positively correlated with age, MVR, height, and lean body mass (R = 0.18, R = 0.15, R = 0.16, and R = 0.10, respectively; p < 0.05 for all), and was negatively correlated with HR, Rohrer index, POW, BMI, body fat percentage, and body fat mass (R = −0.14, R = −0.33, R = −0.30, R = −0.19, R = −0.23 and R = −0.14, respectively; p < 0.01, for all). In contrast, there were no significant correlations between CAVI and SBP or body weight.



TABLE 5 Simple correlation analyses.



	Parameters
	CAVI
	Age
	SBP
	MBP
	PP
	HR
	MVR
	Height
	Body weight
	Rohrer index
	POW
	BMI
	BFP
	BFM
	LBM





	CAVI
	-
	0.18**
	−0.06
	−0.05
	−0.05
	−0.14**
	0.15**
	0.16**
	−0.01
	−0.33**
	−0.30**
	−0.19**
	−0.23**
	−0.14**
	0.10*



	Age
	0.18**
	-
	0.48**
	0.35**
	0.45**
	−0.29**
	0.71**
	0.90**
	0.76**
	−0.04
	0.06
	0.46**
	0.30**
	0.46**
	0.85**



	SBP
	−0.06
	0.48**
	-
	0.87**
	0.77**
	0.01
	0.43**
	0.53**
	0.56**
	0.16**
	0.25**
	0.44**
	0.32**
	0.43**
	0.56**



	MBP
	−0.05
	0.35**
	0.87**
	-
	0.36**
	0.12**
	0.31**
	0.38**
	0.40**
	0.12**
	0.18**
	0.32**
	0.26**
	0.33**
	0.40**



	PP
	−0.05
	0.45**
	0.77**
	0.36**
	-
	−0.14**
	0.40**
	0.50**
	0.54**
	0.15**
	0.24**
	0.41**
	0.27**
	0.40**
	0.55**



	HR
	−0.14**
	−0.29**
	0.01
	0.12**
	−0.14**
	-
	−0.24**
	−0.27**
	−0.18**
	0.11**
	0.09*
	−0.05
	0.07
	−0.01
	−0.27**



	MVR
	0.15**
	0.71**
	0.43**
	0.31**
	0.40**
	−0.24**
	-
	0.80**
	0.68**
	−0.05
	0.06
	0.40**
	0.27**
	0.41**
	0.76**



	Height
	0.16**
	0.90**
	0.53**
	0.38**
	0.50**
	−0.27**
	0.80**
	-
	0.85**
	−0.05
	0.09*
	0.50**
	0.32**
	0.51**
	0.95**



	Body weight
	−0.01
	0.76**
	0.56**
	0.40**
	0.54**
	−0.18**
	0.68**
	0.85**
	-
	0.45**
	0.57**
	0.87**
	0.69**
	0.86**
	0.91**



	Rohrer index
	−0.33**
	−0.04
	0.16**
	0.12**
	0.15**
	0.11**
	−0.05
	−0.05
	0.45**
	-
	0.98**
	0.83**
	0.83**
	0.75**
	0.12**



	POW
	−0.30**
	0.06
	0.25**
	0.18**
	0.24**
	0.09*
	0.06
	0.09*
	0.57**
	0.98**
	-
	0.89**
	0.85**
	0.81**
	0.26**



	BMI
	−0.19**
	0.46**
	0.44**
	0.32**
	0.41**
	−0.05
	0.40**
	0.50**
	0.87**
	0.83**
	0.89**
	-
	0.90**
	0.95**
	0.62**



	BFP
	−0.23**
	0.30**
	0.32**
	0.26**
	0.27**
	0.07
	0.27**
	0.32**
	0.69**
	0.83**
	0.85**
	0.90**
	-
	0.91**
	0.37**



	BFM
	−0.14**
	0.46**
	0.43**
	0.33**
	0.40**
	−0.01
	0.41**
	0.51**
	0.86**
	0.75**
	0.81**
	0.95**
	0.91**
	-
	0.58**



	LBM
	0.10*
	0.85**
	0.56**
	0.40**
	0.55**
	−0.27**
	0.76**
	0.95**
	0.91**
	0.12**
	0.26**
	0.62**
	0.37**
	0.58**
	-




	CAVI, cardio-ankle vascular index; SBP, systolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; HR, heart rate; MVR, muscular vessel ratio; POW, percentage of overweight; BMI, body mass index, BFP, body fat percentage, BFM, body fat mass, LBM, lean body mass.


	*p < 0.05.


	**p < 0.01.







Furthermore, multiple linear regression analyses adjusted for age, sex, blood pressure, HR and MVR showed that Rohrer index, POW, BMI, body fat percentage, body fat mass and lean body mass were independent predictors of CAVI (Table 6).



TABLE 6 Linear regression analyses of cardio-ankle vascular index.



	Factor
	Simple regression analysis
	Model 1
	Model 2
	Model 3



	β
	p value
	β
	p value
	β
	p value
	β
	p value





	Age
	0.18
	<0.01
	-
	-
	-
	-
	-
	-



	Female
	−0.10
	0.02
	-
	-
	-
	-
	-
	-



	Systolic blood pressure
	−0.06
	0.13
	−0.21
	<0.01
	-
	-
	-
	-



	Mean blood pressure
	−0.05
	0.20
	−0.14
	<0.01
	-
	-
	-
	-



	Pulse pressure
	−0.05
	0.22
	−0.19
	<0.01
	-
	-
	-
	-



	Heart rate
	−0.14
	<0.01
	−0.09
	0.04
	-
	-
	-
	-



	Muscular vessel ratio
	0.15
	<0.01
	0.03
	0.56
	0.06
	0.29
	-
	-



	Rohrer index
	−0.32
	<0.01
	−0.32
	<0.01
	−0.29
	<0.01
	−0.29
	<0.01



	Percentage of overweight
	−0.30
	<0.01
	−0.32
	<0.01
	−0.29
	<0.01
	−0.29
	<0.01



	Body mass index
	−0.19
	<0.01
	−0.35
	<0.01
	−0.31
	<0.01
	−0.31
	<0.01



	Body fat percentage
	−0.23
	<0.01
	−0.30
	<0.01
	−0.27
	<0.01
	−0.28
	<0.01



	Body fat mass
	−0.14
	<0.01
	−0.28
	<0.01
	−0.24
	<0.01
	−0.25
	<0.01



	Lean body mass
	0.10
	0.02
	−0.31
	<0.01
	−0.23
	0.01
	−0.30
	0.01




	Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, systolic blood pressure and heart rate. Model 3: adjusted for age, sex, systolic blood pressure, heart rate and muscular vessel ratio.









Discussion

To the best of our knowledge, the present study is the first to investigate the associations between multiple obesity parameters (Rohrer index, body fat percentage, body fat mass, POW, BMI) and CAVI in healthy children and adolescents. The main findings of this study were that: (A) manually measured and CAVI-based vessel lengths showed excellent concordance, suggesting the accuracy of CAVI; (B) CAVI was not only negatively correlated with obesity parameters, and but also positively correlated with age, height, and MVR, suggesting that CAVI reflects muscular vessel components; and (C) even after adjusting for possible obesity-related factors including age, sex, blood pressure and MVR, all obesity parameters itself remained independent predictors of CAVI in healthy children and adolescents.

CAVI measurement is a simple, non-invasive procedure that can be completed in a short time. Accurate measurements are possible if the child remains still and quiet to avoid interference with pulse waves and heart sound recordings. In children, it is important to select the appropriate cuff size, considering the individual variations in arm circumference. In addition, the length of the blood vessel is an important factor in determining the pulse wave velocity in CAVI measurement, and the current formula can be employed to calculate the length of the blood vessel using the height of the child. The present study demonstrated successful CAVI application in children and adolescents in terms of smooth measurements and accurate vessel length estimation.

Our study in children revealed a significant negative correlation between CAVI and multiple obesity parameters, including Rohrer index, body fat indices measured by BIA, POW, and BMI. Similar to our findings, CAVI has been reported to be negatively correlated with BMI in adults (6, 7, 29). Additionally, in children, both CAVI and pulse wave velocity have been shown to have a negative correlation with BMI (30–32). Although CAVI is an indicator that reflects arterial stiffness, most studies have shown a negative correlation between CAVI and BMI, indicating that lower CAVI is associated with obesity. Unlike previous CAVI studies which focused on BMI only (7, 30), our study also investigated the other obesity parameters (i.e., Rohrer index, POW, body fat percentage and body fat mass determined by BIA) in children. We firstly used the Rohrer index and POW in the present study, which is known to be appropriate for assessing childhood obesity (16, 17). We further measured body fat percentage base on the accurate BIA method, which is superior to BMI or Rohrer index to evaluate objective obesity (18, 19). As a result, not only BMI but also other obesity parameters showed a negative correlation with CAVI, and these results lead to establish a clear relationship between obesity and reduced CAVI.

We could not fully explain the reason for the “obesity paradox”; however, possible explanations are as follows: first, it has been reported that obesity induces adaptive physiological changes (e.g., vasodilation, increased blood volume and cardiac output, and changes in metabolic and hemodynamic demands) (30–32). Second, CAVI measures arterial properties across different vessel types, including the aorta, an elastic artery, and the femoral and tibial arteries, which are muscular vessels (20). Mileva et al. reported that the vasoreactivity for antihypertensive drugs was different in ascending aorta and descending aorta using computed tomography (33). These results suggest that there might be differences in response for antihypertensive drugs between the elastic and muscular arteries. We have firstly examined MVR, which is the ratio of elastic and muscular blood vessels, and found that CAVI especially reflects muscular vessel components.

Czippelova et al. reported that the diameter of the smaller peripheral resistance arteries is under the control of the sympathetic nervous system and sympatho-vagal balance. They also reported that obesity is associated with decreased sympathetic nervous activity and lower systemic vascular resistance, leading to low CAVI (32). CAVI was negatively correlated with heart rate, and might be affected by the impaired sympathetic nervous system in obese people. However, not only impaired sympathetic nerve activity (32, 34, 35), but also sympathetic nerve activity (36, 37) and shift in sympatho-vagal balance have previously been reported in obese people. In addition, it has been reported that arterial stiffness of muscular vessel (i.e., iliofemoral artery Beta) (38, 39) is lower in the Watanabe heritable hyperlipidemic rabbits than in normal rabbits (39, 40). The authors consider that arterial stiffness of muscular vessels might decrease at first stage where infiltration of lipids might soften the arterial wall. Third, perivascular fat in obese individuals may act as buffer, reducing pulse wave conduction and potentially lowering CAVI. In addition, in children during the growth period, fat content increases along with body development. Fourth, fat distribution and metabolic state may impact CAVI. Christakoudi et al. reported that obese individuals without abdominal fat can maintain a healthy metabolic state (41). These results support the hypothesis that the systemic accumulation of adipose tissue per se leads to decreased arterial stiffness in obese individuals without metabolic disorders; thus, adipose tissue in healthy children and adolescents might be associated with a healthy metabolic state.


Clinical implications

CAVI can be measured in children in the same way it is measured in adults. However, in cases of childhood obesity, caution is needed because arterial stiffness can be underestimated.



Study limitations

There are several limitations to our study. First, the present study was cross-sectional of healthy children, did not include participant with severe obesity, and did not follow-up. Thus, the relationship between childhood obesity and future cardiovascular and cerebrovascular disease is unknown. Second, we did not measure abdominal circumference, body shape index (42), laboratory data (such as blood glucose and lipid profile, which are components of metabolic syndrome), or other CAVI parameters (e.g., CAVI0) (43). Third, we manually evaluated vessel length using a tape measure, rather than using more precise methods like magnetic resonance imaging or computed tomography and did not measure vessel length and diameter. Fourth, we assessed only total body fat mass and body fat percentage, without considering the distribution of adipose tissue. Additionally, we did not measure visceral fat, epicardial fat, or subcutaneous fat. Fifth, our study was conducted with children and adolescents in the pubertal period. Given that development during this period significantly influences various physiological characteristics, including body composition and autonomic nervous system activity, another limitation is the lack of information on the stage of pubertal development (e.g., Tanner score) (32).




Conclusion

Even after consideration of possible obesity related factors (age, sex, blood pressure, and heart rate, MVR, and etc.), all obesity parameters (POW, Rohrer index, BMI, body fat percentage, and body fat mass) are negatively and independently associated with CAVI in healthy children. In cases of childhood obesity, caution is needed because arterial stiffness can be underestimated.
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