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Abstract 

Reservoir pressure parameters (i.e. reservoir pressure [RP] and excess pressure [XSP]) 

independently predict cardiovascular events in adults but this has not been investigated among 

children. This study aimed to determine 1) the association of reservoir pressure parameters 

with carotid intima-media thickness (carotid IMT), a preclinical vascular phenotype, and 2) 

whether a multivariable regression model with or without reservoir pressure parameters fits 

better for estimating carotid IMT in children. Study participants were 11-12 years old children 

(n=1231, 50% male) from the Child Health CheckPoint study, a cross-sectional sub-study of 

the population-based Longitudinal Study of Australian Children. RP and XSP were obtained 

using brachial-cuff oscillometry (SphygmoCor XCEL, AtCor, Sydney). Carotid IMT was 

quantified by vascular ultrasonography. XSP was associated with carotid IMT after adjusting 

for confounders including age, sex, BMI z-score, heart rate, pubertal stage, moderate-to-

vigorous physical activity and mean arterial pressure (β = 0.93 µm, 95%CI 0.30 to 1.56 for 

XSP peak and β = 0.04 µm, 95%CI 0.01 to 0.08 for XSP integral). Results of the likelihood 

ratio test indicated a trend that the model with XSP and the above confounders fitted better 

than the similar model without XSP for estimating carotid IMT. Our findings indicate that 

brachial-cuff device measured XSP is associated with carotid IMT independent of conventional 

cardiovascular risk factors including standard BP. This implies that a clinically convenient cuff 

approach could provide meaningful information for early assessment of cardiovascular risk 

among children. 

Keywords: waveform analysis, blood pressure monitor, atherosclerosis.  
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Introduction 

Cardiovascular events such as myocardial infarction and stroke remain the leading cause of 

death, and the development of cardiovascular risk begins in childhood.1-3 Establishment of 

early detection and prevention strategies in childhood is effective because of the life-long 

benefits of healthy behaviours (such as diet and physical activity patterns).4 High blood 

pressure (BP) is a leading modifiable risk factor for vascular damage and cardiovascular 

events.5, 6 BP is standardly defined based on the peak (systolic BP), nadir (diastolic BP) and 

average mean arterial pressure (MAP) measures. However, standard BP parameters may 

overlook important risk information contained in the arterial BP waveform.  

Several theoretical models have been proposed to explain the physiology of the BP 

waveform.7 One such construct is the reservoir-excess pressure model, which proposes that the 

BP waveform comprises reservoir pressure (RP) and excess pressure (XSP) components.8 RP 

is attributable to changes in arterial blood volume and is dependent on multiple factors, 

including left ventricular output and systemic arterial compliance. XSP is calculated as the 

difference between total BP and RP. In the ascending aorta XSP is approximately equal to the 

pressure that would be produced by the left ventricle in the absence of any wave reflection;9, 10 

it has also been proposed to represent an excess hydraulic work above a theoretical minimum 

level required to eject stroke volume from the left ventricle into the arterial system.11 Peripheral 

XSP depends on local arterial properties, but its physiological interpretation is less clear. 

Recent clinical studies have shown that reservoir-excess pressure model related parameters (i.e. 

RP, XSP and the systolic rate constant) predict cardiovascular events beyond conventional risk 

factors in adults.12-14 These clinical studies used the non-invasive tonometry technique to 

measure reservoir pressure parameters, but this method has not been adopted by clinicians for 

many reasons, including high operator-dependence.15  
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Operator-independent oscillometric cuff devices are routinely used for BP measurement. 

One such device (SphygmoCor XCEL, Atcor Medical Pty Ltd.) has been developed to measure 

the brachial artery BP waveform in addition to standard cuff BP. Concordance of the XCEL 

cuff-based RP and XSP compared with invasive aortic measures of RP and XSP in adults has 

been previously published,16 which indicates that conventional cuff-based devices could offer 

a convenient, operator-independent method to estimate reservoir pressure parameters (albeit 

with accuracy improvement needed16). We recently showed that brachial-cuff measured 

reservoir pressure parameters were associated with preclinical phenotypes of cardiovascular 

risk among adults, including carotid intima-media thickness (carotid IMT) and pulse wave 

velocity (PWV).17 However, whether brachial-cuff reservoir pressure parameters are 

independently associated with cardiovascular risk among children is unknown. Therefore, in a 

large population of Australian children, we aimed to determine the association between 

reservoir pressure parameters and a widely used preclinical vascular structural phenotype 

(carotid IMT), which is predictive of cardiovascular events in adults. In addition, we examined 

whether adding reservoir pressure parameters into the conventional risk model would improve 

the current assessment accuracy of carotid IMT. 

Methods 

Study participants. Participants were from the Child Health CheckPoint study, a cross-

sectional sub-study of Longitudinal Study of Australian Children (LSAC) birth cohort.18 

CheckPoint focused on physical health and biomarkers and was performed between LSAC 

sixth and seventh waves when the children were 11-12 years old. Recruitment to LSAC applied 

a two-stage sampling design by 1) randomly selecting ten percent of all Australian postcodes 

(stratified by state and urban/rural domicile) and; 2) selecting children from the Medicare 

database. LSAC birth cohort recruited 8928 healthy infants that were at age 0-1 years in 2014, 

https://atcormedical.com/investors/
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of whom 57.2% responded for wave 1 in 2004 and a further 73.7% were retained for wave 6 

in 2014. CheckPoint participants were recruited from wave 6, and 1874 children attended for 

CheckPoint assessment. CheckPoint study population and health assessment protocols have 

been published.18 The study protocol was approved by the Royal Children's Hospital 

Melbourne Human Research Ethics Committee (33225D) and Australian Institute of Family 

Studies Ethics Committee, and performed in accordance with the 1975 Declaration of Helsinki. 

All participants provided written consent. 

Study procedures. CheckPoint visited each Australia state between February 2015 and March 

2016. A total of 15 assessment centres were set up nationwide, and a home visit was provided 

for those participants (n=365, 20%) who were unable to attend the assessment centre. 

Measurement of carotid IMT and blood sampling, from which total cholesterol, high-density 

lipoprotein cholesterol, low-density lipoprotein cholesterol and triglycerides were measured, 

were only performed at assessment centres because these interventions were not feasible at 

home visits. All other measurements were obtained at assessment centres and home visits.  

Participants’ characteristics. Anthropometry was measured with the participants in light 

clothing and without shoes. Standing height was measured in duplicate using a portable 

stadiometer (Invicta stadiometer IP0955). If the first two measurements differed by ≥0.5 cm, a 

third measurement was taken. Height was determined by the mean of all measurements. Weight 

was measured using a four-limb bioelectrical impedance analysis scale (InBody230, Biospace 

Co. Ltd. Seoul, South Korea). Body mass index z-score (BMI z-score) was derived based on a 

reference population for age and sex using both Centres for Disease Control and UK 1990 

reference values.19 Heart rate was obtained using SphygmoCor XCEL during the BP 

measurement. Pubertal stage was self-reported and categorised using the Pubertal 

Development Scale.20 Ambulatory physical activity was assessed using a wrist-worn 
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accelerometer (GENE Activ Original, Cambs, UK) that participants wore on the non-dominant 

wrist for eight full days. Every 60-second epoch of waking wear time was classified to 

sedentary, light and moderate-to-vigorous physical activity using the Phillips cutpoints.21 

Hypertension was defined ≥ 95th percentile for age, sex and height of systolic and/or diastolic 

BP.22 Pulse pressure (PP) was defined as the difference between systolic BP and diastolic BP. 

MAP was estimated as the sum of diastolic BP and 1/3 × (systolic BP – diastolic BP). 

Measurement of other sample characteristics is outlined in the published protocol.18 Aortic 

stiffness was measured by carotid-femoral PWV in triplicate using SphygmoCor XCEL.17  

Carotid intima-media thickness. Carotid IMT was determined by B-mode ultrasound (Vivid 

I Bt06 with 10 MHz L-RS vascular probe, GE Healthcare, Chicago, IL, USA). Trained 

technicians measured ultrasound images over 5-10 cardiac cycles (tracked using three-lead 

ECG) at 10 mm proximal to the carotid bulb on the right common carotid artery in supine 

position. Carotid IMT was measured at end-diastole, corresponding to the r-wave of a 

contemporaneous ECG. The images were analysed using Carotid Analyzer (Medical Imaging 

Applications, Coralville, IA, USA) for semi-automated border detection. The mean thickness 

in micrometers of 3- to 5-frames of the one carotid IMT measurement over the 5- to 10-mm 

section was measured as the carotid IMT, and the average of three carotid IMT measurements 

was used in the analysis. The analysis of carotid IMT was performed by six trained raters. The 

within-observer and between-observer coefficients of variation were 6.5% and 9.5% for mean 

carotid IMT values, respectively. The inter- and intra-operator reliability of measurements were 

comparable to the results reported in other study.23 The assessors of the carotid IMT were 

blinded to the values of the reservoir pressure parameters.  

Reservoir pressure parameters. Standard cuff BP and brachial volumetric waveform were 

measured using an oscillometric device (SphygmoCor XCEL, AtCor Medical Pty Ltd., West 
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Ryde, Australia). These measures were obtained in triplicate in the supine position after seven 

minutes rest. Six participants did not complete the measurement of brachial BP or brachial 

volumetric waveform. The brachial volumetric waveforms were ensemble-averaged by the 

device software and automatically calibrated (scaled) with brachial systolic and diastolic BP to 

derive the brachial BP waveform. A quality check of brachial BP waveforms was performed 

based on average pulse height (>80 units), pulse height variation (≤5%), diastolic variation 

(≤5%), shape deviation (≤4%), operator index (default evaluated and reported by SphymoCor 

XCEL, ≥75) and systolic BP between 50 and 200 mmHg. The waveforms in 268 participants 

did not meet the criteria and were excluded. 1231 participants remained, and the first valid 

brachial BP waveform in each participant was calibrated with the average of three brachial 

systolic and diastolic BPs for the derivation of reservoir pressure parameters.  

Reservoir pressure parameters were calculated using the pressure-only approach according to 

equation (1), and this was undertaken using a customized MATLAB program (Mathworks, Inc, 

Natick, MA).6 

         
d𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

dt
= 𝑆𝑐(𝑃 − 𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟) − 𝐷𝑐(𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 − 𝑃∞)                            (1) 

where P is measured total pressure, 𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 is RP, and 𝑃∞ is the arterial asymptotic pressure. 

Sc and Dc are the systolic and diastolic rate constants, relating to the speed of the upslope and 

downslope on the BP waveform respectively.8 XSP integral is defined as the total pressure 

minus RP integral. An example BP waveform showing the RP and XSP components is shown 

in figure 1. An assumption of the RP algorithm is that waveforms exhibit exponential pressure 

decay during diastole. However, the waveforms were ensemble averaged without consideration 

of cardiac duration, and this resulted in an additional small upslope after the nadir of the BP 

waveform in diastole in a few measurements. These measurements generated non-

physiological values of P∞ (i.e. that are greater than diastolic BP). Waveform modification was 
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conducted to solve this problem by removing the small upslope occurring at the end of diastole 

and then re-applying the algorithm to derive reservoir pressure parameters.  

Statistical analysis. Continuous data were presented as mean (standard deviation) and 

categorical data as percentages. Exposures were RP peak, RP integral, XSP peak and XSP 

integral. The outcome was carotid IMT. Uni- and multi-variable regression analyses were used 

to explore whether the exposures were associated with the outcome independent of 

confounders. Conventional cardiovascular risk factors in adolescents were considered as 

potential confounders. Only the conventional risk factors that were correlated with both 

exposures and outcome (r>0.1) or considered as physiologically important (i.e. heart rate), were 

included in the adjusted models. Altogether, age, sex, BMI z-score, heart rate, pubertal stage, 

moderate-to-vigorous physical activity and the standard BP measurements (i.e. systolic BP, 

diastolic BP, PP or MAP entered separately, or PP and MAP entered simultaneously) were 

analysed in the adjusted models. Partial coefficients of determination (partial R2) are presented 

as the percentage variance in outcome explained by each risk factor. Mediation analysis was 

performed by decomposing the total effect of XSP into direct and indirect parts using structural 

equation models24 to determine whether the relationship between XSP and carotid IMT was 

mediated through PWV (i.e. whether the indirect effect was statistically significant). The 

likelihood ratio test was used to compare the fit of multivariable regression models (including 

conventional BP parameters) with and without reservoir pressure parameters for estimating the 

association with carotid IMT. Data were analysed using Stata 15.0 (StataCorp LP, TX, USA).  

Results 

Participant characteristics. Figure 2 presents the participant flow from LSAC wave 6 

onwards, and Table 1 shows the participant characteristics. Participants were 11-12 years old 

and half were girls. There were 181 participants whose carotid IMT was greater than the 90th 
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percentile (>558 μm). The majority were in the early or middle pubertal stage. Participants 

spent only 3.8% of awake time on moderate-to-vigorous physical activity. Participants were 

from a relatively socioeconomically advantaged background because the disadvantage index 

score25 was higher than the national mean of 1000 and SD of 100.  

Associations between reservoir pressure parameters and carotid IMT. The effect of 

systolic BP, diastolic BP, PP, MAP and both PP and MAP on the associations between 

reservoir pressure parameters and carotid IMT were similar for BP variable (Supplementary 

table 1). Moreover, MAP best represents the arterial distending pressure,26 and thus results 

were principally presented using MAP as the BP parameter in models.   

Table 2 shows the associations between reservoir pressure parameters and carotid IMT 

in the uni- and multi-variable regression models. XSP (both peak and integral), but not RP 

(neither peak nor integral), was associated with carotid IMT in univariable models, and this 

persisted after adjusting for confounders (age, sex, BMI z-score, heart rate, pubertal stage, 

moderate-to-vigorous physical activity and MAP). Although the overall adjusted model R2 for 

the association between XSP and carotid IMT in the multivariable regression models was 

small, XSP (both peak and integral) was the relatively strongest contributor to the total 

explainable variance in carotid IMT compared with the other risk factors and followed by age 

and sex, as indicated by partial R2.  Mediation analysis evaluated separately the direct effect of 

XSP on carotid IMT as well as the indirect effect through PWV, which was nonsignificant (β 

= 0.01 µm, 95%CI -0.04 to 0.05, p=0.86 for XSP peak and β = -0.01 µm, 95%CI -0.01 to 0.01, 

p=0.86 for XSP integral).  

Table 3 compares the model fit of the multivariable regression models with and without 

reservoir pressure parameters for estimating the association with carotid IMT. Compared to the 

conventional cardiovascular risk assessment models including BP parameters (except for 
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inclusion of PP or both PP and MAP), the model additionally incorporating XSP (both peak 

and integral) fitted better for estimating carotid IMT.  

Discussion 

This is the first study to investigate the potential clinical utility of reservoir pressure parameters 

in children. Our principal findings were that: 1) brachial-cuff XSP was associated with carotid 

IMT above and beyond conventional cardiovascular risk factors including standard BP, 2) 

brachial-cuff XSP was the relatively strongest contributor to the total explainable variance in 

carotid IMT when compared with conventional cardiovascular risk factors, and; 3) in general, 

the model with brachial-cuff XSP and conventional cardiovascular risk factors was better for 

estimating the association with carotid IMT than the similar model without brachial-cuff XSP. 

These findings indicate that information provided by cuff measured XSP may improve 

cardiovascular risk assessment in children.  

Although the brachial volumetric blood pressure waveform is measured at sub-diastolic 

(low) BP, which is likely to dampen the actual waveform features,16 cuff device measured 

reservoir pressure parameters have been previously found to be related to pre-atherosclerosis 

and aortic stiffness in adults,17 and this current work found associations with preclinical 

vascular phenotype in children. These findings are consistent to the results from the CAFÉ 

study, which applied tonometry to measure reservoir pressure parameters and observed an 

association between brachial-cuff XSP and carotid IMT,12 suggesting that the clinical relevance 

of reservoir pressure parameters is apparent irrespective of the pressure waveform 

measurement technique (tonometry or oscillometry) or measurement site (brachial or radial 

artery).  

Similar to previous findings in adults,12, 17 XSP but not RP was associated with carotid 

IMT. XSP has been proposed as an index of generalised circulatory dysfunction, and although 
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a link with impaired endothelial function has been proposed,12 this has not yet been 

demonstrated. On the other hand, RP is relatively constant in magnitude throughout the large 

arterial system, is related to total arterial compliance and is therefore less sensitive to local 

arterial properties, such as at the carotid artery.8,27,28 Thus, the lack of association between RP 

and carotid pre-atherosclerosis was not unexpected. In contrast to our findings in adults, where 

XSP was the third strongest correlate of carotid IMT following age and sex,17 XSP was the 

strongest correlate of carotid IMT in children. This may due to the narrow age range  in the 

present study (11-12 years old), and that sex differences in the relationships with arterial 

physiology may not become apparent until around the age of 15 years.23 The pubertal stage 

was negatively associated with carotid IMT among children, contrary to the finding of a recent 

study29. The reason for the inconsistency is unclear but may be due to the different sample size 

and population characteristics, as the prior study was performed in 55 children (9.2-14.8 years) 

with chronic kidney disease29. The multivariable regression model with XSP fitted better than 

the similar model without XSP for estimating the association with carotid IMT, indicated by 

likelihood ratio. This indicates a future potential for incorporating XSP into assessment models 

to improve the assessment of risk related to preclinical vascular phenotype in children. 

However, the underlying reason for the association between brachial-cuff XSP and carotid IMT 

and the clinical significance of brachial-cuff XSP in predicting cardiovascular disease is 

unclear and requires further investigation.  

The strengths of this study include the comprehensive and high-quality measurement of 

variables in the CheckPoint examinations, which enabled the adjustment for well-known 

conventional risk factors in the statistical models. We also acknowledge several limitations. 

First, the CheckPoint sample is under-represented by families in a disadvantaged 

socioeconomic position,17 and thus the results may have limited generalisability. assumptions 

but has been shown to largely equivalent to the pressure-flow method.28 Second, although the 
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value of childhood carotid IMT for predicting adulthood cardiovascular disease has not been 

determined, carotid IMT has been consistently shown to be related to elevated levels of risk 

factors in children30, which is predictive of cardiovascular events in adults.31 Third, reservoir 

pressure parameters were calculated using the pressure-only approach (no flow). This is a 

simplified method of pressure-flow approach involving additional. Fourth, the accuracy of 

cuff-based methods to estimate reservoir pressure parameters has not been tested according to 

standardized criteria in children. The XCEL cuff-based device was recently shown to 

overestimate central and peripheral BP compared with invasive measurements in children32, 

but underestimate central BP in adults33. It is hard to gauge how this variable BP accuracy may 

have influenced reservoir pressure findings in this current study, but it may have weakened the 

true level of observed associations. Finally, the 1/3 form-factor used to calculate MAP might 

produce inaccurate estimation of the true intra-arterial MAP.34 In any case, the association 

between XSP and carotid IMT remained after adjusting for other conventional BP parameters 

(i.e. systolic BP, diastolic BP and PP). 

In conclusion, this study is the first to report the association between XSP and carotid 

IMT separate from conventional cardiovascular risk factors including standard BP, among 11 

to 12 years children. In addition, incorporating XSP into the current assessment model could 

help to more accurately predict cardiovascular risk in children, but the full extent of clinical 

significance is yet to be determined. Thus, more investigations are required to confirm our 

observation in children.   
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Figure legend 

Figure 1. Blood pressure waveform (            ) with example reservoir pressure parameters. The 

reservoir pressure (            ) and excess pressures (            ) are expressed in both peak and 

integral, where the peak refers to the highest value and integral refers to the area under curve. 

Figure 2. Summary of participant flow. Waveform modification refers to removing the 

additional small upslope after the nadir of the BP waveform in diastole, and details are in the 

Methods. 
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LSAC Baby cohort in 2014 n=3764 

Consented to CheckPoint contact 

n=3513 

  

  

Attended CheckPoint n=1875 

Assessment centre n=1505 

  

Home visit n=369 

  

Analytic sample n=1231 

Did not pass brachial 

waveform quality criteria 

and excluded n=268 

Withdrew consent after 

assessment n=1 

 

Conducted waveform 

modification but still 

included in analysis n=337 

Participants excluded n=375 

• Carotid IMT not collected 

at home visit n=369 

• BP or brachial volumetric 

waveform not obtained n=6 



Table 1. Participant characteristics (n=1231). 

Variable Mean (SD) or n (%) 

Age (years) 11.4 (0.5) 

Sex (boys %) 610 (50) 

Disadvantage index  1024 (69) 

Body mass index z score (CDC) 0.32 (1.01) 

Carotid intima-media thickness (μm) 496 (59) 

Brachial systolic blood pressure (mmHg) 108 (8) 

Brachial diastolic blood pressure (mmHg) 63 (6) 

Pulse pressure (mmHg) 45 (6) 

Mean arterial pressure (mmHg) 76 (6) 

Hypertension (yes %) 26 (2%) 

Heart rate (bpm) 73 (9) 

Reservoir pressure peak (mmHg) 29 (6) 

Reservoir pressure integral (mmHg/s) 8 (2) 

Excess pressure peak (mmHg) 25 (7) 

Excess pressure integral (mmHg/s) 2 (1) 

Pubertal stages, %  

Pre-pubertal 113 (9.9) 

Early pubertal 289 (25.3) 

Mid-pubertal 610 (53.5) 

Late pubertal  129 (12.3) 

Time (hours per day)   

Total Accelerometer wearing  23.8 (0.7) 

Spent in sleep 9.4 (0.9) 

Spent in sedentary 11.3 (1.2) 

Spent in light physical activity 2.7 (0.8) 

Spent in moderate-to-vigorous physical activity 0.5 (0.5) 
n, number of subjects; CDC, the centers for Disease Control and Prevention; Hypertension was defined 

based on defined ≥ 95th percentile for age, sex and height; Estimated glomerular filtration rate was 

calculated using the Chronic Kidney Disease Epidemiology Collaboration. The intensity of physical 

activity used to define sleep, sedentary, light physical activity and moderate-to-vigorous physical activity 

was based on Phillips cut-points.  

 

 



Table 2. Uni- and Multi- variable regression models for the association between reservoir pressure parameters and carotid intima-media 

thickness. 

 Univariable model (n=1231) Multivariable model (n=820) 

Carotid intima-media thickness (μm) β (95% CI) p 
Partial 

R2(%) 
β (95% CI) p 

Partial 

R2(%) 

 Adjusted model R2=0.0003 Adjusted model R2=0.0066 

Reservoir pressure peak (mmHg) -0.18 (-0.73 to 0.37) 0.52 0.03 -0.16 (-0.88 to 0.56) 0.66 0.02 

Mean arterial pressure (mmHg)    0.29 (-0.47 to 1.05) 0.46 0.07 

Age (years)    -6.89 (-15.12 to 1.33) 0.10 0.33 

Sex (men)    -4.10 (-13.50 to 5.30) 0.39 0.09 

Body mass index z-score (CDC)    -0.17 (-0.67 to 0.33) 0.51 0.05 
Heart rate (bpm)    0.28 (-3.62 to 4.19) 0.89 0.01 

Pubertal stages       

        Pre-pubertal    Reference - - 

        Early pubertal    -13.94 (-29.17 to 1.28) 0.07 0.39 

        Mid-pubertal    -15.84 (-30.29 to -1.39) 0.03 0.56 

        Late pubertal      -18.85 (-37.53 to -0.17) 0.05 0.48 

Moderate-to-vigorous physical activity (hours per day)    4.80 (-4.08 to 13.68) 0.29 0.14 

 Adjusted model R2=0.0003 Adjusted model R2=0.0065 

Reservoir pressure integral (mmHg/s) -0.01 (-0.02 to 0.01) 0.57 0.03 -0.01 (-0.02 to 0.01) 0.73 0.01 

Mean arterial pressure (mmHg)    0.28 (-0.48 to 1.05) 0.47 0.06 
Age (years)    -6.88 (-15.11 to 1.36) 0.10 0.33 

Sex (men)    -4.04 (-13.46 to 5.38) 0.40 0.09 

Body mass index z-score (CDC)    -0.16 (-0.67 to 0.34) 0.52 0.05 

Heart rate (bpm)    0.29 (-3.62 to 4.20) 0.89 0.01 

Pubertal stages       

        Pre-pubertal    Reference - - 

        Early pubertal    -13.94 (-29.17 to 1.28) 0.07 0.39 

        Mid-pubertal    -15.89 (-30.33 to -1.45) 0.03 0.57 

        Late pubertal      -18.90 (-37.57 to -0.22) 0.05 0.48 

Moderate-to-vigorous physical activity (hours per day)    4.80 (-4.08 to 13.69) 0.29 0.14 

 Adjusted model R2=0.0055 Adjusted model R2=0.0167 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Excess pressure peak (mmHg) 0.65 (0.16 to 1.13) 0.01 0.55 0.93 (0.30 to 1.56) 0.01 1.02 

Mean arterial pressure (mmHg)    0.25 (-0.49 to 0.99) 0.50 0.05 

Age (years)    -7.38 (-15.55 to 0.79) 0.08 0.38 

Sex (men)    -3.29 (-12.66 to 6.08) 0.49 0.06 

Body mass index z-score (CDC)    -0.26 (-0.75 to 0.23) 0.30 0.13 

Heart rate (bpm)    0.01 (-3.89 to 3.89) 1.00 0.01 

Pubertal stages       

        Pre-pubertal    Reference - - 
        Early pubertal    -14.62 (-29.77 to 0.53) 0.06 0.43 

Mid-pubertal    -17.83 (-32.25 to -3.41) 0.02 0.71 

        Late pubertal      -21.94 (-40.60 to -3.28) 0.02 0.64 

Moderate-to-vigorous physical activity (hours per day)    4.60 (-4.23 to 13.44) 0.31 0.13 

 Adjusted model R2=0.0043 Adjusted model R2=0.0144 

Excess pressure integral (mmHg/s) 0.03 (0.01 to 0.05) 0.02 0.43 0.04 (0.01 to 0.08) 0.01 0.79 

Mean arterial pressure (mmHg)    0.30 (-0.44 to 1.04) 0.43 0.07 

Age (years)    -7.20 (-15.37 to 0.98) 0.08 0.36 

Sex (men)    -3.79 (-13.16 to 5.58) 0.43 0.08 

Body mass index z-score (CDC)    -0.22 (-0.71 to 0.27) 0.38 0.09 

Heart rate (bpm)    0.09 (-3.81 to 3.98) 0.97 0.01 
Pubertal stages       

Pre-pubertal    Reference - - 

Early pubertal    -14.57 (-29.74 to 0.60) 0.06 0.43 

        Mid-pubertal    -17.54 (-31.98 to -3.11) 0.02 0.68 

Late pubertal      -21.32 (-39.98 to -2.66) 0.03 0.61 

Moderate-to-vigorous physical activity (hours per day)    4.99 (-3.85 to 13.84) 0.27 0.15 
β refers to unstandardised beta coefficient as the µm difference in carotid intima-media thickness per unit increase in reservoir pressure parameters. CI, confidence interval. 

p value is for the unstandardised β. Partial R2 (%) is the proportion of total variance in carotid intima-media thickness explained by the individual risk factor. Multi-

variable models adjust for age, sex, body mass index z-score, heart rate, pubertal stages, moderate-to-vigorous physical activity and mean arterial pressure. Moderate-to-

vigorous physical activity refers to the time spent on moderate-to-vigorous physical activity. CDC, the centers for Disease Control and Prevention; RP, reservoir pressure; 

XSP, excess pressure; and, MAP, mean arterial pressure.  



 

 

Table 3.  Comparison of the model fit of the multivariable models with or without reservoir 

pressure parameters for estimating carotid IMT (n=820). 

Multivariable model p Multivariable model p 

MAP Ref SBP Ref 

MAP + Reservoir pressure peak 0.66 SBP + Reservoir pressure peak 0.25 

MAP + Reservoir pressure integral 0.72 SBP + Reservoir pressure integral 0.41 

MAP + Excess pressure peak 0.01 SBP + Excess pressure peak 0.02 

MAP + Excess pressure integral 0.01 SBP + Excess pressure integral 0.04 

DBP Ref PP  Ref 

DBP + Reservoir pressure peak 0.78 PP + Reservoir pressure peak 0.12 

DBP + Reservoir pressure integral 0.85 PP + Reservoir pressure integral 0.25 

DBP + Excess pressure peak 0.01 PP + Excess pressure peak 0.06 

DBP + Excess pressure integral 0.01 PP + Excess pressure integral 0.10 

MAP + PP Ref   

MAP + PP + Reservoir pressure peak 0.11   

MAP + PP + Reservoir pressure integral 0.25   

MAP + PP + Excess pressure peak 0.06   

MAP + PP + Excess pressure integral 0.09   
Multivariable models adjust for age, sex, body mass index z-score, heart rate, pubertal stages, moderate-to-

vigorous physical activity and standard BP. SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, 

pulse pressure; MAP, mean arterial pressure; and Ref, reference. Likelihood ratio chi2 indicates the model fit 

between with and without reservoir pressure parameters in the multivariable model. p value is for the likelihood 

ratio chi2.  



Supplementary table 1. The effect of each of standard BP on the association between reservoir 

pressure parameters and carotid IMT in uni- and multi-variable regression models. 

Model Variables β (95% CI) p 
Partial 

R2(%) 

Univariable model RP peak (mmHg) -0.18 (-0.73 to 0.37) 0.52 0.03 

Multivariable model 1 RP peak (mmHg) -0.16 (-0.88 to 0.56) 0.66 0.02 

 MAP (mmHg) 0.29 (-0.47 to 1.05) 0.46 0.07 

Multivariable model 2 RP peak (mmHg) -0.44 (-1.21 to 0.32) 0.26 0.16 

 SBP (mmHg) 0.66 (0.07 to 1.25) 0.03 0.57 

Multivariable model 3 RP peak (mmHg) -0.10 (-0.80 to 0.60) 0.78 0.01 

 DBP (mmHg) -0.06 (-0.83 to 0.71) 0.88 0.01 

Multivariable model 4 RP peak (mmHg) -0.62 (-1.41 to 0.17) 0.12 0.29 

 PP (mmHg) 1.02 (0.30 to 1.74) 0.01 0.94 

Multivariable model 5 RP peak (mmHg) -0.67 (-1.48 to 0.13) 0.10 0.33 
 PP (mmHg) 1.01 (0.29 to 1.73) 0.01 0.94 

 MAP (mmHg) 0.26 (-0.50 to 1.01) 0.51 0.05 

Univariable model RP integral (mmHg/s) -0.01 (-0.02 to 0.01) 0.57 0.03 

Multivariable model 1 RP integral (mmHg/s) -0.01 (-0.02 to 0.01) 0.73 0.01 

 MAP (mmHg) 0.28 (-0.48 to 1.05) 0.47 0.06 

Multivariable model 2 RP integral (mmHg/s) -0.01 (-0.03 to 0.01) 0.41 0.08 

 SBP (mmHg) 0.60 (0.02 to 1.17) 0.04 0.50 

Multivariable model 3 RP integral (mmHg/s) 0.00 (-0.02 to 0.02) 0.85 0.01 

 DBP (mmHg) -0.06 (-0.83 to 0.71) 0.88 0.01 

Multivariable model 4 RP integral (mmHg/s) -0.01 (-0.03 to 0.01) 0.26 0.16 
 PP (mmHg) 0.91 (0.22 to 1.59) 0.01 0.81 

Multivariable model 5 RP integral (mmHg/s) -0.01 (-0.03 to 0.01) 0.22 0.19 

 PP (mmHg) 0.90 (0.21 to 1.59) 0.01 0.80 

 MAP (mmHg) 0.23 (-0.53 to 0.99) 0.55 0.04 

Univariable model XSP peak (mmHg) 0.65 (0.16 to 1.13) 0.01 0.55 

Multivariable model 1 XSP peak (mmHg) 0.93 (0.30 to 1.56) 0.01 1.02 

 MAP (mmHg) 0.25 (-0.49 to 0.99) 0.50 0.05 

Multivariable model 2 XSP peak (mmHg) 0.82 (0.13 to 1.52) 0.02 0.66 

 SBP (mmHg) 0.22 (-0.37 to 0.82) 0.46 0.06 

Multivariable model 3 XSP peak (mmHg) 0.95 (0.31 to 1.58) 0.01 1.02 

 DBP (mmHg) 0.11 (-0.67 to 0.89) 0.78 0.01 
Multivariable model 4 XSP peak (mmHg) 0.76 (-0.04 to 1.55) 0.06 0.42 

 PP (mmHg) 0.29 (-0.52 to 1.09) 0.48 0.06 

Multivariable model 5 XSP peak (mmHg) 0.78 (-0.02 to 1.58) 0.06 0.45 

 PP (mmHg) 0.25 (-0.57 to 1.07) 0.55 0.04 

 MAP (mmHg) 0.21 (-0.54 to 0.96) 0.58 0.04 

Univariable model XSP integral (mmHg/s) 0.03 (0.01 to 0.05) 0.02 0.43 

Multivariable model 1 XSP integral (mmHg/s) 0.04 (0.01 to 0.08) 0.01 0.79 

 MAP (mmHg) 0.30 (-0.44 to 1.04) 0.43 0.07 

Multivariable model 2 XSP integral (mmHg/s) 0.04 (0.01 to 0.07) 0.04 0.53 

 SBP (mmHg) 0.36 (-0.20 to 0.92) 0.21 0.19 
Multivariable model 3 XSP integral (mmHg/s) 0.04 (0.01 to 0.08) 0.01 0.77 

 DBP (mmHg) 0.10 (-0.68 to 0.88) 0.80 0.01 

Multivariable model 4 XSP integral (mmHg/s) 0.03 (-0.01 to 0.07) 0.10 0.33 

      PP (mmHg) 0.49 (-0.22 to 1.20) 0.18 0.22 

Multivariable model 5 XSP integral (mmHg/s) 0.03 (0.00 to 0.07) 0.09 0.36 

      PP (mmHg) 0.45 (-0.27 to 1.18) 0.22 0.19 



 

 MAP (mmHg) 0.21 (-0.54 to 0.97) 0.58 0.04 
β refers to unstandardised beta coefficient as the µm difference in carotid intima-media thickness per 

unit increase in reservoir pressure parameters. CI, confidence interval. p value is for the 
unstandardised β. Partial R2 (%) is the proportion of total variance in carotid intima-media thickness 

explained by the individual risk factor. Multi-variable model 1, 2, 3, 4 and 5 included age, sex, body 

mass index z-score, heart rate, pubertal stages and moderate-to-vigorous activity as a prior and 
additionally included mean arterial pressure, systolic blood pressure, diastolic blood pressure, pulse 

pressure and both mean arterial pressure and pulse pressure, respectively. RP, reservoir pressure; XSP, 

excess pressure; MAP, mean arterial pressure, SBP, systolic blood pressure; DBP, diastolic blood 
pressure; and, PP, pulse pressure.  


