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The carotid-femoral pulse wave velocity (cf-PWV) is the standard for arterial stiffness measurement.
Other methods include brachial PWV (br-PWV) and equation-derived PWV (ePWV) calculated from cf-
PWV studies. br-PWV can also be estimated (ebr-PWV). This study evaluated the correlation between
br-PWV, ebr-PWV, and ePWV. It included 683 participants, who had their blood pressure (BP) and
br-PWV measured. Ambulatory BP monitoring was also recorded. The ebr-PWV was calculated using

a previously validated equation. Three different BP measurements were employed to calculate ePWV,
incorporating age and mean BP: ePWV derived from office BP (ePWVOBP), ePWV derived from 24-h
mean BP (ePWV24h) and ePWYV derived from mean BP from br-PWV measurements (ePWVMoG).
Concordance correlation coefficients (CCC) were used to assess agreement, while coefficients of
determination (R?) evaluated dependence on age and BP. Results showed that the mean br-PWV

was 7.60+1.74 m/s, lower than ebr-PWV (7.71 +1.85 m/s), ePWVOBP (8.99 +1.86 m/s), ePWV24h
(8.30+1.69 m/s), and ePWVMoG (8.96 +1.88 m/s) (all p<0.001). Agreement was very strong between
br-PWV and ebr-PWV (CCC=0.984), but lower with ePWV methods. Bland-Altman analysis showed a
small bias for ebr-PWV (-0.11 m/s) and larger differences for ePWV, with wider limits of agreement and
evidence of proportional bias. Age and BP explained most of the variability across all PWV measures.
In conclusion, although all PWV measures are strongly influenced by BP and age, br-PWV and ebr-PWV
tend to underestimate values compared with other ePWYV estimates. Therefore, oscillometric PWV
values are not interchangeable with those obtained from cf-PWV-derived equations
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Hypertension is an important contributor to cardiovascular (CV) morbidity and mortality worldwide!. Arterial
stiffness (AS) is a key pathophysiological feature of hypertension and aging. It expresses structural and functional
changes in the arterial wall, which increase CV risk independent of blood pressure (BP) values®™*. Pulse wave
velocity (PWYV), particularly carotid-femoral PWV (cf-PWV), is considered the gold standard non-invasive
measure of arterial stiffness and a robust predictor of cardiovascular outcomes>®.

Despite its clinical relevance, cf-PWV assessment is not routinely performed in daily practice due to its
technical complexity, operator dependence, and limited availability. Therefore, other approaches have been
developed, including oscillometric methods and equation-derived estimates’. Oscillometric devices such as the
Mobil-O-Graph estimate PWV from brachial cuff recordings using proprietary algorithms, generating brachial
PWYV (br-PWV). However, these values are not directly measured, but rather derived from models that are
largely dependent on age and BP%°.

In parallel, equation-derived PWV (ePWV) has been proposed based on large population datasets originally
developed to establish reference values for cf-PWV1C. These equations incorporate age and mean blood pressure
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(MBP) and have demonstrated prognostic value across different populations'!~%. Additionally, oscillometric
PWYV can be mathematically approximated through specific equations (ebr-PWV), which are derived from the
same datasets used to generate device-based estimates®’.

Although these methods share common determinants such as age and blood pressure, they originate
from different physiological models and mathematical structures. Whether these approaches can be used
interchangeably remains uncertain. Therefore, the aim of this study was to assess the agreement between
oscillometric PWV (br-PWV), its equation-derived counterpart (ebr-PWYV), and equation-derived PWV based
on cf-PWYV datasets (ePWV), using different blood pressure inputs.

Methods

The data used in this study were derived from a previously published cross-sectional dataset'*, collected at a center
specializing in the diagnosis and treatment of non-communicable diseases in Brazil between May 2016 and April
2019. The study included 683 adults aged 18 years or older with elevated office blood pressure (= 140/90 mmHg),
including both untreated individuals and patients receiving antihypertensive treatment. Participants were
referred for ambulatory blood pressure monitoring (ABPM) to confirm the diagnosis of hypertension or to
evaluate blood pressure control. All subjects had their demographic and clinical data collected, including a
history of acute myocardial infarction, acute coronary syndrome, coronary or other arterial revascularization,
stroke, transient ischemic attack, aortic aneurysm, peripheral artery disease, and severe chronic kidney disease
(CKD). They also had their weight, height, and abdominal circumference (AC) measured. A trained nursing
assistant recorded blood pressure measurements and performed pulse wave analysis (PWA).

tlS

Blood pressure measurement

Office blood pressure (OBP) measurements followed current hypertension guidelines'®!”. A nursing assistant
utilized a Microlife BP3AC1-1PC (Onbo Electronic Co., Shenzhen, China) monitor. This device comes with a
so-called “Average Mode,” which takes three consecutive BP measurements and calculates the average value. The
nursing assistant took two sets of three BP measurements for all subjects.

Ambulatory blood pressure monitoring

ABPM was conducted over 24 h utilizing a Dyna-Mapa monitor (Cardios, Sdo Paulo, Brazil), and the participants
had an appropriately-sized cuff on their non-dominant arm. The readings were taken every 20 min during the
day and every 30 min during the night, defined as the period between sleep onset and awakening. All standard
protocols were strictly followed to ensure data quality's.

Pulse wave analysis

After BP measurements, participants rested for 10 min in a supine position before PWA was performed using
the Mobil-O-Graph (L.E.M., Stolberg, Germany). Participants underwent four measurements of PWV?'. The
br-PWYV value is the mean calculated from those measurements. The determination of PWA followed the
recommendations of the 2012 Expert Consensus Document on Aortic Stiffness, in a quiet room with stable
temperature!®. Previous data have demonstrated that age and SBP were significant determinants of br-PWV
accordingto the equation: estimated br-PWV (ebr-PWV) =1.0796 - 0.0317 x Age +0.0015 x Age2 +0.0325 x SBP®.
The device automatically calculates the mean systolic and diastolic BP (br-BP) from four measurements, as well
as the mean BP (MBP,_ ..). ebr-PWV was calculated using mean brachial systolic BP (br-SBP) provided by the
Mobil-O-Graph.

br-BP

Calculation of estimated pulse wave velocity
ePWYV was calculated using Eq. 1, derived from the Reference Values for Arterial Stiffness Collaboration, based
on age and mean blood pressure (MBP)!%11:

ePWV = 9.58748315543126 — 0.402467539733184 * age
+ 4.56020798207263 * 10 — 3 * age2
—2.6207705511664 * 10 — 5 s age2 * MBP
+ 3.1762450559276 * 10 — 3 * age * MBP
—1.832150382185 * 10 — 2 = MBP.

We used the average of the first set of three OBP measurements to estimate mean blood pressure (MBP). This
was calculated as 40% of the office pulse pressure added to diastolic blood pressure (BP). The formula for MBP
is: MBP = diastolic BP + 0.4 x (systolic BP—diastolic BP)!!. The mean blood pressure from OBP (MBPOBP) was
calculated using OBP values. We also calculated the 24-h average blood pressure (24-h BP) and derived the mean
blood pressure from this average (MBP24hBP). Subsequently, we used MBPOBP to calculate the estimated pulse
wave velocity from OBP (ePWVOBP) and used MBP-24 h to calculate the estimated pulse wave velocity from
the twenty-hour average blood pressure (ePWV-24 h)20-21,

The primary outcome of this study was the agreement between br-PWV and the other PWV methods (ebr-
PWYV, ePWVOBP, ePWV24h, and ePWVMoG), defined a priori and assessed using concordance correlation
coefficients and Bland-Altman analysis.

Statistical analysis
The descriptive analysis of the variables was based on measurements such as mean with standard deviation (SD),
median with quartiles 1 and 3 (Q1-Q3) for numerical variables, and proportions (%) for categorical variables.
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The assumption of normality of the numerical variables was analyzed using the D'Agostino-Pearson test. Given
the non-normal distribution of PWV variables non-parametric methods were applied. Paired comparisons used
the paired Student’s t-test and Wilcoxon signed-rank test, with consistent results. The concordance correlation
coefficient (CCC), followed by simple linear regression between pairs of methods under study was used to
evaluate the level of agreement between PWV-br and the others metrics, with the coefficient of determination
(R?) indicating the proportion of variance explained. Scatter plots were constructed with br-PWV on the
x-axis and alternative PWV methods on the y-axis, consistent with method comparison analyses. Fisher's
z-transformation was used to compare the CCC values and differences between R? values were assessed using the
Forkman test. A Bland-Altman plot was constructed to complement the agreement analyses, incorporating the
mean differences, the lower limit of agreement (LLA), the upper limit of agreement (ULA), and linear regression
of the differences between paired means versus the mean of the paired methods, allowing for a more precise
assessment of potential proportional bias. The significance level of the inferential procedures was 5%. Since age
and blood pressure are major determinants of PWV, two regression models were evaluated to quantify their
contribution to each PWV metric: Model 1 included age only, whereas Model 2 included both age and blood
pressure'>20:2L As a sensitivity analysis, PWV metrics were also examined across age and mean brachial blood
pressure (MBPbr-BP) quartiles to assess the consistency of the findings across different age and blood pressure
categories (Supplementary Figure S1 and Supplementary Table S1). A two-sided p-value <0.05 was considered
statistically significant. Databases were created in Microsoft Excel, and statistical analyses were performed using
MedCalc software.

Ethical approval

The study was approved by the Human Research Ethics Committee of the Federal University of Tridngulo
Mineiro (protocol number 61985316.9.0000.5154). All participants provided written informed consent prior to
enrollment. All methods were performed in accordance with the relevant guidelines and regulations, including
the Declaration of Helsinki for medical research involving human participants.

Results

Study population

683 subjects underwent a valid PWA and their data were analyzed. Table 1 shows the most relevant clinical and
demographic characteristics in the sample. The mean age was 48.0 £ 14.3 years, the BMI was 29.1+6.5 kg/m?,
and the mean AC was 95.8+12.2 cm. 49.8% of the participants were female and 69.9% were Caucasian. Treated
hypertension occurred in 34.8% of participants; elevated BP in 32.9%; clinical CVD and CKD in 7.2%; diabetes
in 10.7%; dyslipidemia in 28.1%; obesity in 39.2%; abdominal obesity in 53.9%; and smoking 7.3%.

Table 2 summarizes the BP values obtained from the different measurement methods. No significant
differences were observed between systolic OBP and br-BP (p=0.35). Diastolic OBP was slightly higher than
br-BP, although the absolute difference was small (p=0.02). As expected, 24-h BP values were consistently lower
than both office and brachial measurements for systolic, diastolic, and mean BP (all p <0.001). There were no
significant differences between the MBP values of OBP and br-BP (p =0.05). In contrast, MBP derived from 24-h
BP measurements were significantly lower than the others (p <0.001). Similar patterns were observed for median
values, confirming the consistency of these findings across different measurements of central tendency, except
for a significant difference between MBP from OBP and br-BP (p=0.009).

Clinical characteristics Summary

Numeric Mean+SD | Median [Q1 -Q3]
Age (yr) 48.0+14.3 | 48 [36—58.7]
BMI (kg/m?) 29.1£6.5 | 28.3[25.6-31.6]
Abdominal circumference (cm) | 95.8+12.2 | 96 [88- 104]
Categorical N [P%]

Caucasian 461 (67.9)

Females 340 (49.8)

Treated HTN 238 (34.8)

Non-treated HTN 225(32.9)

CVD and CKD 49 (7.2)

Diabetes 73 (10.7)

Dyslipidemia 192 (28.1)

Body obesity 268 (39.2)

Smoking 50 (7.3)

Abdominal obesity 368 (53.9)

Table 1. Main clinical and demographic characteristics of the sample. Data are demonstrated in absolute
numbers (N), proportions (P%), mean * standard deviation (SD), and median [quartile 1 and quartile 3].

SD, standard deviation; CI, confidence interval; Q1, quartile 1; Q3, quartile 3; HTN, hypertension; CVD,
cardiovascular disease; CKD, severe chronic kidney disease; BMI, body mass index. *D’Agostino-Pearson test
for normal distribution p <0.0001.
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Blood pressure | Mean (a) +SD | Median (b) [Q1 -Q3]
OBP

Systolic 135+17.1 134 [124—145]
Diastolic 87+11.2 87 [80—94]
MBPOBP 106+12.4 106 [98—114]
br-BP

Systolic 135+15.2 134 [124—144]
Diastolic 86+11.1 86 [79—94]
MBPbr-BP 105+11.9 105 [104- 106]
24 h-BP

Systolic 123+12.3 122[115—130]
Diastolic 78 +£10.5 78 [71—85]
MBP24hBP 96+10.5 96 [89—103]

Table 2. Blood pressure values used to calculate estimated PWV. SD, standard deviation; OBP, office blood
pressure; br-BP, brachial blood pressure mean of four values of Mobil-O-Graph; 24 h-BP, twenty-four-hour BP
average from ABPM; MBP, mean blood pressure. (a) p-values for mean comparisons (paired Student’s t-test);
(b) p-values for median comparisons (Wilcoxon signed-rank test). Results were consistent across methods.
*D’Agostino-Pearson test for normal distribution p <0.0013.

PWV Mean (a) £ SD | Median (b) [Q1 - Q3]
br-PWV 7.60+£1.74 7.27 [6.27—8.63]
ebr-PWV 7.71+1.85 7.32 [6.26—8.80]
ePWVOBP | 8.99+1.86 8.69 [7.53—10.17]
ePWV24h 8.30+1.69 8.02 [7.04—9.18]
ePWVMoG | 8.96+1.88 8.62 [7.48—10.04]

Table 3. Mean pulse wave velocity values. PWYV, pulse wave velocity; SD, standard deviation; CI, confidence
interval; br-PW'V, mean of pulse velocity measured by Mobil-o-Graph; ebr-PW'V, mean estimated by equation
of pulse wave velocity by Mobil-o-Graph; ePWVOBP, calculated pulse wave velocity from Eq. 1 utilizing mean
OBP; ePWV24h calculated pulse wave velocity from Eq. 1 utilizing mean 24 h-BP, ePWVMOoG, calculated
pulse wave Veloéity from Eq. 1 utilizing MBP of br-BP. (a) p-values for mean comparisons (paired Student’s
t-test); (b) p-values for median comparisons (Wilcoxon signed-rank test). Results were consistent across
methods. *D’Agostino-Pearson test for normal distribution p <0.0001.

Table 3 shows the PWV values of all metrics. Mean br-PWV (7.60 +1.74 m/s) was significantly lower than
all other estimates (all p<0.001). There was no significant difference between ePWVOBP and ePWVMoG
(p=0.06). Median values showed a similar pattern, with br-PWV consistently lower than the other methods
and significant differences in the other comparisons, including between ePWVOBP and ePWVMoG (p < 0.006).

Primary agreement analyses

Figure 1 shows the relationships between br-PWV and other PWV methods. A very strong agreement was
observed between br-PWV and ebr-PWV (Pc=0.984), whereas only moderate agreement was found with
ePWVOBP, ePWV24h, and ePWVMoG. The CCC was significantly higher for ebr-PWV compared with all
other methods (p<0.001). Regression analyses demonstrated a strong dependence of br-PWV on all PWV
estimates. ebr-PWV explained the largest proportion of its variance (R?=0.98), while ePWVOBP, ePWV24h,
and ePWVMoG showed lower but still substantial explanatory power. There were no significant differences
between models in terms of R? comparisons, except between ebr-PWV and ePWV-24 h (p=0.04).

Figure 2 shows the Bland-Altman analyses of the comparison between br-PWV and the other PWV
metrics. A consistent negative bias was observed across all comparisons, indicating that br-PWV systematically
underestimated values relative to other PWV metrics (all p<0.001). ebr-PWV showed the lowest mean
difference (-0.11 m/s), with relatively narrow limits of agreement (-0.70 to 0.48 m/s). The other PWV metrics
showed larger biases, with the largest being -1.39 for ePWVOBP, and wider limits of agreement (-2.73 to -0.07),
thus suggesting significant variability between approaches. Regression analyses of the differences demonstrated
significant proportional bias in most comparisons (p <0.001), indicating that disagreement increased across the
range of PWYV values, except for ePWV-24 h. This indicates a consistent bias that does not necessarily preclude
comparability between methods.
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Fig. 1. Scatter plots showing the relationships between br-PWV and other PWV methods. Agreement was
assessed using Lin’s concordance correlation coefficient (CCC). Linear regression lines (solid gray) are shown,
with coefficients of determination (R?) indicating the proportion of variance explained. br-PWV, mean of pulse
velocity measured by Mobil-o-Graph; ebr-PWV, mean estimated by equation of pulse wave velocity by Mobil-
0-Graph; ePWVOBP, calculated pulse wave velocity from Eq. 1 utilizing mean OBP; ePWV24h calculated
pulse wave velocity from Eq. 1 utilizing mean 24 h-BP; ePWVMoG, calculated pulse wave velocity from Eq. 1
utilizing MBP of br-BP. CCC, concordance correlation coefficient; r, Pearson correlation coefficient; Cp the
bias correction factor; R, the coefficient of determination represents the proportion of variance in br-PWV
explained by each method

Sensitivity analyses

To further assess whether differences among PWV methods were influenced by age and blood pressure levels,
PWYV metrics were analyzed across age and mean brachial blood pressure (MBPbr-BP) quartiles (Supplementary
Figure S1 and Supplementary Table S1). All PWV metrics increased progressively from the lowest to the highest
quartiles of age and MBPbr-BP. Across most categories, ePWV-derived metrics showed higher values than br-
PWYV and ebr-PWV. Importantly, the magnitude of the differences between methods remained relatively stable
across quartiles, supporting the findings of the primary agreement analyses.

Supplementary table S2 presents the results of regression analysis models. Age explained a large proportion
of PWYV variability across all methods. The addition of systolic blood pressure further increased the explanatory
power, with the fully adjusted models explaining approximately 83-96% of the variance. Overall, PWV measures
were more strongly associated with age than with blood pressure, with only minor differences between methods.
Differences between methods were modest. A small difference was observed between br-PWV and ePWVOBP
in Model 1, whereas no significant differences were found in the fully adjusted model.

Discussion

N this study, we evaluated the agreement between oscillometric PWV (br-PWYV), its equation-derived
counterpart (ebr-PWV), and equation-derived PWV (ePWYV) derived from cf-PWV reference datasets. The
main findings were: (1) near-perfect agreement between br-PWV and ebr-PWV; (2) only moderate agreement
between br-PWV and ePWYV, regardless of the blood pressure source; and (3) a strong dependence of all PWV
estimates on age and BP, with differing contributions across methods.

A key observation is that the very strong agreement between br-PWV and ebr-PWV contrasts with the
only moderate agreement observed between br-PWV and ePWV. Although all these methods incorporate age
and BP, they are not mathematically or physiologically equivalent. Indeed, the ebr-PWV equation is derived
from oscillometric PWV datasets and therefore intrinsically reproduces the same underlying signal as br-PWV.
In contrast, ePWV equations were developed from cf-PWV datasets and include different weightings of age,

Scientific Reports |

(2026) 16:35236 | https://doi.org/10.1038/s41598-026-68989-3 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

br-PYWV - ebr-PYV (mis)

br-PWV - ePWV24h (mis)

A B

1=-0.085:p <0.001
.

+1965D:048

Mean = 0.1 +196 D007

Mean =139

br-PWV - ePWVOBP (m/s)

I I T
4 6 8 10
Mean of br-PWV and ebr-PWV (m's)

1 1 I I T
12 14 16 18 4 3 8 10 12 14 16 18
Mean of or-PWV and ePWVOBP (m's)

p=0027:p <0.001 3=-0084;p <0001

Mean=0.71

br-PWV - ePWVMOG (mis)

-196 SD 203

4 6 8 10 12 14 16 18 4 3 8 10 12 14 16 18
Mean of br-PWV and ePWV24h (m's) Mean of br-PWV and ePWVMOG (m's)

Fig. 2. Bland-Altman plots comparing br-PWV with other PWV methods. Bland-Altman plots showing the
agreement between br-PWV and other PWV metrics (ebr-PWV, ePWVOBP, ePWV24h, and ePWVMoG).
The central line represents the mean difference (bias), and the upper and lower lines indicate the limits of
agreement (+1.96 SD). Regression lines of the differences against the mean (solid gray lines) are shown

to assess proportional bias across the range of PWV values. br-PWV, mean of pulse velocity measured by
Mobil-o-Graph; ebr-PWV, mean estimated by equation of pulse wave velocity by Mobil-o-Graph; ePWVOBP,
calculated pulse wave velocity from Eq. 1 utilizing mean OBP; ePWV24h calculated pulse wave velocity from
Eq. 1 utilizing mean 24 h-BP, ePWVMoG, calculated pulse wave velocity from Eq. 1 utilizing MBP of br-BP

BP, and interaction terms. Thus, shared predictors do not imply interchangeable estimates when equations are
derived from distinct reference methods and mathematical frameworks.

The observed systematic bias further supports these differences. br-PWV systematically underestimated
values compared with ePWV across all comparisons. Our finding reinforces results of previous studies showing
that oscillometric PWV tends to yield lower values than cf-PWV-based estimates’. Also, Bland—-Altman analyses
demonstrated not only fixed bias but also proportional bias, indicating that disagreement increases across the
range of measurements. This suggests that the divergence between methods is not uniform, but becomes more
pronounced at higher PWYV levels, likely reflecting increasing AS.

Another important aspect is the role of BP input. Although office BP is conventionally used to calculate ePWYV,
we included 24-h BP and device-derived BP to evaluate the impact of alternative variables on the agreement of
PWYV metrics. These variations influenced absolute values; however, they did not improve agreement with br-
PWYV. This supports the idea that differences between methods are not solely driven by the source of BP, but by
the structure of the equations and the vascular phenotype they model as well.

From a methodological perspective, it is important to acknowledge the inherent mathematical dependency
between PWYV, age, and BP. Logically, part of the observed correlation reflects the effect of common variables
used to calculate ePWV metrics rather than true agreement between them. This highlights the importance of
using agreement analyses, such as concordance correlation coefficients and Bland-Altman plots, rather than
relying exclusively on correlation metrics.

From a clinical perspective, our results have important implications. Oscillometric PWV and equation-
derived PWYV should not be used interchangeably in clinical practice or research. Misclassification of AS may
occur, particularly in individuals with higher PWV values. Therefore, PWV measurements should always be
interpreted within the context of the method used, and direct comparisons across techniques should be avoided.

Age and BP are major determinants of PWV and are incorporated into most equation-derived approaches.
Consistent with this, all PWV metrics increased progressively across age and MBPbr-BP quartiles in the
sensitivity analyses. Nevertheless, the differences between methods were maintained across categories, indicating
that the lack of interchangeability cannot be attributed only to age or BP distributions. These findings support
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the view that differences in measurement methodology and equation structure also contribute to the observed
disagreement between PWV estimates.

The present findings also reinforce the need for method-specific reference values and clinically validated
cut-off points. Since agreement between methods was limited, applying thresholds derived from one PWV
technique to another may result in misclassification of vascular risk and treatment response.

This study has some limitations. First, different devices were used to measure office BP, ambulatory BP, and
brachial BP during pulse wave analyses. However, no significant differences were observed between office BP
and brachial BP values. Therefore, it is unlikely that inter-device variability influenced the results. As expected,
24-h BP values were lower than office measurements, reflecting known physiological differences rather than
device-related biases. Second, the cross-sectional design limits causal inference and generalizability to broader
populations. Finally, no gold standard cf-PWV measurements were available for direct comparison. However,
the study also has important strengths, including a relatively large sample size, standardized measurement
protocols, and the use of multiple analytical approaches to assess agreement.

Although PWV metrics share the same main determinants, this study directly compares oscillometric and
equation-derived PWV using different BP inputs, including 24-h measurements. These findings highlight the
limitations of PWV estimation methods and support a more cautious interpretation in clinical practice.

In conclusion, PWYV estimates are strongly influenced by age and blood pressure and are not interchangeable
across methods. The nearly perfect agreement between br-PWYV and ebr-PWYV reflects their shared derivation,
whereas the lower agreement with ePWYV is explained by differences in equation structure and underlying
models. Age accounted for most of the variability across all PWV measures, with additional contribution
from blood pressure. PWV values should therefore be interpreted according to the method used, and direct
comparisons across techniques should be avoided.

Data availability
Availability of data and materials: The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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