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Abstract

Vascular aging is increasingly recognized as a critical marker of cardiovascular health, yet no
gold-standard method exists for its quantification. In this study, we present a machine learning
(ML)-based framework for decoding vascular age (VasAge) from brachial pressure waveforms,
under the assumption that vascular and chronological age are equivalent in healthy individuals.
The ML model was trained on Fourier-based harmonic features extracted from high-resolution
brachial waveforms obtained using a laboratory-developed cuff device. We tested our method on a
clinical dataset of 111 subjects (45 women, mean age 65 years), consisting of 16 healthy and 95
unhealthy individuals. To develop the ML model, waveforms from the healthy subgroup were
augmented using a synthetic waveform database generated by a physiologically relevant pulse wave
computational model. For model development in the healthy population where chronological and
vascular age are equivalent, the model’s predictions correlated with measured age (r = 0.91), with
marginal systemic bias (bounded to 5% of the mean). We then applied this model to the
population of unhealthy individuals, finding higher vascular age than chronological age in this
group (mean difference of 9.5 years), with sensitivity to elevated aortic stiffness and systolic blood
pressure (p < 0.05). These results demonstrate that vascular age can be accurately estimated from
the morphology of a single brachial pressure waveform using a Fourier-based ML approach, even
with a moderately sized sample. This method offers a cost-effective, non-invasive strategy for
personalized cardiovascular risk assessment and holds promise for clinical translation.

1. Introduction

Cardiovascular disease profoundly impacts individuals in the United States, across all stages of life and
constitutes 17% of overall national health expenditures [1]. Age stands out as the primary determinant of
cardiovascular health, with age significantly influencing risk factors for cardiovascular disease [2]. The
ongoing demographic transition poses a substantial challenge for healthcare systems, with the proportion of
the population aged over 65 set to double from 12% in 2010 to 22% by 2040 [3]. Although existing
preventive strategies target individuals classified as high-risk based on conventional cardiovascular disease
risk factors, these algorithms frequently overlook others who may also be at risk of developing cardiovascular
disease. By identifying these individuals before clinical symptoms appear and implementing earlier detection
and intervention, there is potential to decrease mortality and morbidity associated with cardiovascular
disease [4, 5]. Consequently, there exists a pressing imperative to innovate new methods and devices for the
diagnosis and monitoring of cardiovascular diseases. Preferably, these methods should rely on noninvasive
measurements to mitigate medical complications and enhance patient comfort, while also being
user-friendly for both medical professionals and individuals in home settings [6-8].

Developing informative markers for cardiovascular disease requires a thorough understanding of the
underlying mechanisms within the cardiovascular system. The circulatory system functions through a finely
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tuned hemodynamic equilibrium involving the heart, vascular network, and major physiological system [9,
10]. This optimal hemodynamic coupling can be disrupted by cardiovascular disease [11, 12]. From the
physical point of view, the rhythmic beating of the heart generates blood pressure fluctuations that propagate
as waves through the arterial network, with reflections occurring at impedance mismatch points, typically
characterized by junctions in arterial structure and changes in vessel elasticity [13, 14]. This pulsatile blood
flow dictates various aspects of circulatory physiology and pathology, with pulsatility manifesting in pressure
waves across the entire circulatory system [13, 15, 16]. The comprehension of arterial wave propagation
mechanisms has long been a focal point in hemodynamics, with waves carrying considerable diagnostic
potential that remains underutilized [5]. Traditional clinical practice primarily concentrates on fundamental
pulse pressure features, such as systolic and diastolic pressure, for diagnosis, prevention, and treatment.
However, recent years have seen an increasing recognition of other wave characteristics and finer pulse details
achievable through analyzing the shape of the pressure waveform [5, 17-22]. These considerations have led
to the emergence of various analytical techniques, such as pulse wave analysis [20, 23-25], wave intensity
analysis [17, 26-28], and wave separation analysis [18, 29-31]. With advancements in noninvasive pressure
measurement techniques, a rise in the utilization of wave analysis methods and wave-based information in
future clinical practices is foreseeable.

Motivated by the significance of chronological age in the development of cardiovascular disease, there has
been a recent effort to introduce a new concept known as vascular age by quantifying the age of such vessels
[32-35]. When used relative to an individual’s chronological age these can provide valuable insight about the
aging process of the cardiovascular system. However, the direct quantification of vascular age remains
underdeveloped [36]. As an example, Mitchell et al [19] employed a deep learning-based approach to first
derive carotid-femoral pulse wave velocity (a measure of aortic stiffness) from a single pressure waveform
and then used linear regression to rescale the derived pulse wave velocity to estimate vascular age. However,
this approach is based on the assumption that there is a linear relationship between age and wave speed. In
this study, we approach the problem of defining and quantifying vascular age from an engineering and data
science perspective. Our core assumption is that, in a healthy population, vascular age (VasAge) corresponds
to chronological age, and that the information embedded within the pressure waveform can be decoded to
reveal this VasAge. This way, we propose an alternative method that does not restrict model development to
pulse wave velocity or any other specific physiological parameter or cardiac marker. To achieve this, we
incorporate a machine learning approach designed to extract physics-based information encoded in the
pressure signal [30, 37, 38], train the model on a healthy population, and then use it to decode vascular age in
a samples of healthy and unhealthy subjects. This approach represents a shift in perspective regarding
vascular age, creating a direct link with the morphology of the pressure waveform.

The central hypothesis of this study is that VasAge is encoded in the morphology of the arterial pressure
waveform, and that an appropriate combination of signal decoding and ML techniques can extract and
quantify this information. Our primary objective is to develop a method that decodes VasAge from brachial
pressure waveforms using wave-based signal analysis integrated with ML, and to evaluate the clinical
relevance of the decoded VasAge, particularly its association with cardiovascular conditions such as arterial
stiffening. ML is a strong candidate for this task due to its ability to model complex, nonlinear relationships
within physiological signals, enabling the extraction of subtle age-related features that may not be accessible
through traditional analytical methods. To test this hypothesis, we utilized data from an in-house
investigational study employing a laboratory-developed cuff device capable of high-resolution pulse
waveform acquisition. To address the limitations posed by the modest sample size of the clinical dataset, we
systematically augmented the training set using a virtual population generated from a well-established
computational model of arterial pulse wave propagation, a common practice in machine learning,
particularly when clinical data are difficult to acquire at scale. The resulting vascular age model and the
associated decoding strategy provide a promising framework for personalized cardiovascular assessment.

2. Materials and methods

2.1. Clinical dataset

We analyzed brachial pressure waveforms collected during an investigational study involving a
high-resolution cuff-based acquisition device, as previously described [39, 40]. The study cohort included
both healthy individuals, recruited for proof-of-concept testing, and patients who had undergone surgical
intervention. The cuff was positioned on the participant’s left arm in accordance with standard placement
guidelines. Exclusion criteria were applied at two levels: (i) patient-level exclusions included severe
post-operative cardiac events following left heart catheterization, inability to obtain a brachial blood pressure
measurement, and contraindications to cardiac catheterization as determined by the interventional
cardiologist. (ii) Signal-level exclusions were based on quality control procedures and included cuff or
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Table 1. Baseline characteristics of patient data (N = 111).

Variable Healthy (N =16)  Unhealthy (N = 95)
Age, years 67 £ 11 65+£38
Women, N (%) 10 (63%) 35 (37%)
Height, cm 167 £9 171 £10
Weight, kg 69 +9 88 + 18
Heart rate, bpm 70 + 14 69+ 10
Blood pressure, mmHg
Systolic 119+ 11 128 + 16
Diastolic 72+ 10 77 £ 12

catheter malfunctions, device saturation beyond calibration limits, measurement errors, severe arrhythmias,
poor signal quality, or algorithmic failures. After applying these criteria, the final dataset comprised 111
individuals. To estimate aortic stiffness, we calculated pulse arrival time as the time difference, in
milliseconds, between the peak of the ECG R-wave and the foot of the brachial pressure waveform acquired
by the cuff device. This value was then normalized by subject height to derive a surrogate pulse wave velocity
(sPWYV). While this method is an approximation, since pulse arrival time includes the pre-ejection period
and height is only a rough proxy for arterial path length, it provides a practical estimate of vascular stiffness
in our dataset. For this study, which focuses on associating pressure waveform features with vascular age, this
level of approximation is considered sufficient.

The study protocol was approved by the Institutional Review Boards of Western and Salus, and all
participants provided written informed consent prior to enrollment. The study conformed to the ethical
principles outlined in the Declaration of Helsinki. The cuff device used in this study was an investigational
tool for high-resolution, non-invasive pulse waveform acquisition. It incorporated a blood pressure module
(NIBP 2020 UP) with oscillometric and tourniquet modes, as well as a custom pneumatic system for
capturing pulse waveforms. Data were acquired at a hold pressure corresponding to the subject’s mean
arterial pressure and recorded continuously for 20 s. This pressure was selected to align more closely with the
simulated waveforms described in the following section. Waveform data were digitized at a sampling rate of
1 kHz. To develop an age-encoded model of healthy vascular function, we isolated a subset of healthy
participants based on the absence of the following conditions: hypertension (systolic BP > 140 mmHg or
diastolic BP > 90 mmHg), diabetes, hyperlipidemia, cardiovascular disease, current smoking, or obesity
(BMI > 30 kg m~2) [41]. The characteristics of the healthy versus non-healthy participants are summarized
in table 1.

2.2. Healthy virtual dataset

To address the limitations of the moderately sized clinical dataset for machine learning development, we
employed a computationally generated virtual dataset for training purposes (i.e. data augmentation). Since
our training was restricted to healthy individuals, where chronological age and vascular age were assumed to
be equivalent, we utilized a virtual cohort representing healthy aging [42]. This dataset was derived from a
validated one-dimensional (1D) arterial pulse wave propagation model [43]. In this model, the arterial tree is
represented as a network of 1D segments, with blood flow and pressure dynamics governed by conservation
of mass and momentum applied to each control volume [44, 45]. The governing equations, expressed in
terms of cross-sectional area A and flow rate Q, are given by

o 29 :
5o+ 2\ = ) 1
(%) (i(a%)ﬂ%) (f) W

Here, « is shape factor accounting for the velocity profile, P is the intraluminal pressure, and frepresents
the frictional term [43]. To close this system, a Voigt-type viscoelastic wall model was adopted [42, 43]. The
aortic inflow was prescribed as a periodic waveform, and three-element Windkessel model was implemented
at the outlet boundary of peripheral arteries. Using this physiologically informed framework and parameter
values confined to healthy ranges, an open-access virtual dataset was generated previously by Charlton et al
[42]. For the purposes of this study, we selected a subset of virtual subjects aged 50 years and older who had
normal blood pressure (systolic < 130 mmHg, diastolic < 80 mmHg), normal cardiac output (>4 1 min~1),
and physiological carotid-femoral pulse wave velocity (<14 m s~1). This yielded a final cohort of 794 virtual
subjects, which was used to augment the healthy training dataset. The characteristic of the virtual dataset is
presented in table S1 of the supplementary material. To evaluate the physiological relevance of the virtual
dataset used for augmenting the healthy clinical data, we compared key pressure waveform features between
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the virtual and clinical healthy subsets (table S2). As shown in the table, the mean values of several waveform
features are closely aligned across the two groups. We also observed that the distribution of feature values is
wider in the clinical dataset, which is expected due to real-world variability. To provide visual context, figures
S1 and S2 in the supplementary material present representative waveform examples from both the virtual
and clinical healthy populations.

2.3. Data handling and preprocessing

For the purpose of model development in this study, we partitioned the data to isolate the healthy
population, under the assumption that vascular age is equivalent to chronological age in this group. The
objective was to develop a model that relates the non-invasive pressure waveform to vascular age, which, in
the case of healthy individuals, corresponds directly to their actual age. We augmented the healthy clinical
dataset with a computationally generated virtual dataset. Each pressure waveform in the healthy cohort was
associated with the individual’s chronological age and used as a single training sample. This yielded a total of
1148 waveforms, consisting of 354 signals from 16 healthy clinical participants and 794 signals from the
virtual aging dataset. This combined dataset was used for training and validating the healthy-age encoded
regression model. The model’s performance was then evaluated by applying it to the remaining 95 clinical
subjects with condition to estimate their vascular age. For the healthy cohort, waveform segmentation was
performed using R-peak to R-peak intervals from the ECG, and although no explicit correction was applied
for breathing-induced fluctuations, the model implicitly accounted for these variations by learning from
multiple beats; for the unhealthy group, a representative time-averaged waveform was used. This single
representative waveform was derived by averaging individual beat-to-beat segments. Each beat was first
resampled to a common length, determined by the median number of samples across all beats, and then a
pointwise average was computed to obtain the final waveform. To calibrate the cuff-derived waveforms, we
applied a previously validated method that corrects raw systolic blood pressure (SBP) and diastolic blood
pressure values based on oscillometric readings [40]. The corrected systolic and diastolic blood pressure
values were used to define the peaks and troughs of individual cardiac cycles, and fluctuations were
incorporated using the dynamic envelope calibration method [40, 46].

To transform each waveform from its high-dimensional time-series form into a compact feature space for
machine learning, we evaluated two fundamental signal decomposition strategies: (i) Fourier Decomposition
into harmonics, and (ii) empirical mode decomposition (EMD). Fourier decomposition represents a
periodic signal as a sum of sinusoids at different frequencies, termed harmonics. It assumes the signal is
stationary over the interval of interest. The Fourier series decomposition is commonly defined as:

N 5 5
P(t) = % + ; <ancos (;nt> + bysin (;nt) ) ) (2)

where T is the period of the pressure function P (¢) (i.e. the cardiac cycle or inverse of heart rate for blood
pressure waveform). In conducting the Fourier decomposition here, we used the sinusoid-cosinusoide form
to extract the coefficients at different frequencies for constructing input features for regression-based
machine learning [37, 39]. Coefficients a, and b, are associated with each individual harmonics (cosine and
sine) corresponding to different frequencies f, = 7, and can be calculated by the Fourier transform given by:

T
2 2m
a, = T/P(t) cos (Tnt) dr, (3)
0
T
b, = %/P(t) sin <2;rnt> dt,n € (0,00). (4)
0

By obtaining the coefficients using equations (3) and (4), the represented pressure waveform P (t) with a
finite number of selected frequencies (i.e. n = 0 to N) is constructed by summing each individual frequency
component (equation (2)). In this study, the pressure waveform features were extracted as the first five to
twenty low-frequency components using the fast Fourier transform to capture the overall contour shape of
the waveform [37, 38, 47]. In contrast to Fourier analysis, EMD is a data-adaptive and non-parametric
technique designed for analyzing physiological signals [48, 49]. EMD decomposes a signal into a finite set of
oscillatory components known as intrinsic mode functions (IMFs). In this regard, the signal P () can be
expressed as
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Figure 1. (a) Statistical analysis of the associated error between the original (measured) and reconstructed pressure waveform
from Fourier-based decomposition and empirical mode decomposition (EMD). (b) Four sample cases of the measured and
reconstructed pressure waveform from Fourier-based decomposition and empirical mode decomposition (EMD). For
Fourier-reconstruction, 10 harmonics is used.

K
P(t) =Y IMF; () +r(t), (5)

i=1

where IMF; () denotes the ith IMF, and r(¢) is the residual trend. The decomposition is obtained through an
iterative process called sifting, which isolates IMFs from the highest to lowest frequency content. In our
framework, we applied EMD to each waveform and extracted the first few IMFs to capture localized
frequency and amplitude features associated with vascular dynamics. Figure 1 compares the reconstruction
accuracy of the two methods. Figure 1(a) shows the distribution of normalized root-mean-square error
(nRMSE) between the original and reconstructed waveforms. Figure 1(b) provides four representative
examples of original waveforms overlaid with reconstructions using both Fourier and EMD approaches. As
illustrated, the Fourier-based method consistently outperformed EMD in capturing the overall shape and
oscillatory behavior of pressure waveforms. While EMD offers the advantage of adaptively capturing local
features, it exhibited greater reconstruction error and variability across subjects. Due to its higher fidelity in
waveform reconstruction and compatibility with regression-based models, we selected Fourier
decomposition as the primary method for feature extraction in this study.

2.4. Machine learning model

Machine learning model development was carried out using 80% of the healthy cohort, combining both
clinical and virtual datasets. This subset was used exclusively for model training, while the remaining 20% of
healthy subjects was reserved as a validation set for evaluating the model’s ability. In this study, vascular age
was defined as equivalent to chronological age for the healthy population, providing ground truth labels for
supervised learning. Each pressure waveform was preprocessed using Fourier decomposition, and a fixed
number of harmonics were extracted as features. Specifically, both sine and cosine coefficients from the first
N harmonic components were used to construct the input feature vector. These features capture the
frequency-domain characteristics of the waveform and serve as a compact representation of its morphology.
The input of the machine learning model consists of a vector of sine and cosine numeric coefficients derive
from Fourier decomposition of the brachial pressure along with the heart rate, and the output of the
machine learning model is the chronological age in the healthy subset.

The model architecture consisted of a fully connected feedforward neural network with an
expansion-contraction design. It included five hidden layers with 32, 64, 128, 64, and 32 neurons,
respectively. All layers employed the ReLU activation function, and the output layer was linear to predict age
as a continuous variable. The model was trained using the Adam optimizer with a learning rate of 0.001 for
1000 epochs. A mean squared error loss function was used to minimize the difference between predicted and
true age values during training. To assess the model’s robustness, we systematically varied the number of
Fourier harmonics used as input features and evaluated the sensitivity of the model to different frequency
resolutions. All training and testing procedures were performed in Python using the TensorFlow framework
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for model implementation. Data preprocessing, including waveform normalization (scaling the raw signal
between zero and one, and then calibrate) and Fourier transformation, was conducted using NumPy and
Pandas in Python (Python Software Foundation, Python Language Reference, version 3.11). To avoid any
potential confusion regarding data leakage, we emphasize that the virtual dataset was split prior to model
development such that each virtual individual was used exclusively in either training or testing. Additionally,
the key evaluation was performed solely on the unhealthy clinical dataset, which was never seen during
training and serves as an independent hold-out test set.

2.5. Vascular age decoding framework

An overview of the proposed framework for decoding vascular age (VasAge) is presented in figure 2(a). The
central concept of this framework is the construction of a healthy-age encoded model, which serves as a
personalized decoder for estimating vascular age from a single non-invasive pressure waveform. This model
is trained exclusively on a healthy population, under the assumption that their vascular and chronological
ages are equivalent. The resulting system enables inference of vascular age by mapping waveform features to
age labels learned from the healthy cohort. The core components of the analytical pipeline used to construct
this model are outlined in figure 2(a). Raw brachial pressure waveforms, recorded continuously over a 20 s
interval, are segmented on a per-subject basis. Each waveform is calibrated using the procedure described in
the previous section. The virtual dataset was split into non-overlapping training and testing subsets prior to
model development. Each waveform in the virtual dataset was generated using a unique combination of
physiological parameters, ensuring that no identical waveform appeared in both the training and testing sets.
Model assessment on the unhealthy clinical population was performed once using a completely held-out test
set, ensuring a rigorous and unbiased evaluation. To reduce the dimensionality of the pressure signal and
capture its dominant frequency components, we apply Fourier-based signal decomposition. Figure 1
demonstrates the method’s ability to preserve key morphological features with reduced input dimensionality.
The resulting low-dimensional representation of each pressure waveform serves as input to a trained deep
neural network, described previously. The output of this model is the estimated age of the individual,
assuming they are healthy, based solely on their pressure waveform. This predicted value constitutes the
VasAge. To quantify vascular risk, we define the VasAge Risk as the difference between the model-estimated
vascular age and the subject’s actual chronological age (VasAge-Age). A positive VasAge Risk indicates that
the vasculature appears ‘older’ than expected for the individual’s age, while a negative value suggests
‘younger’ vascular function. Once trained, the healthy-age encoded model is applied to the unhealthy clinical
cohort to estimate their VasAge, using only a single brachial pressure waveform as input (figure 2(b)). Figure
S3 in the supplementary material presents the training loss history as a function of epoch during the training
for the healthy-age encoded model.

2.6. Statistical analysis

To assess the accuracy of the healthy-age encoded model, we evaluated Pearson correlation coefficient (r).
The agreement and bias between the computed and measured variables were assessed using Bland-Altman
analysis, which presents mean differences with limits of agreement (mean bias &= 1.96 standard deviations of
the differences). The Kruskal-Wallis rank-sum test was used to assess the vascular age risk as a function of
SBP and arterial stiffness (quantified by surrogate pulse wave speed). Statistical significance was defined as

p < 0.05. All mathematical and statistical analyses of the clinical data were performed using custom-written
codes implemented in Python.

3. Results

3.1. Data processing workflow

Figure 3(a) illustrates the data processing workflow used to construct the healthy subset for developing the
healthy-age encoded model, as well as the independent datasets for determining VasAge in both healthy and
unhealthy subjects. A total of 1,243 brachial pressure waveforms were analyzed, including 449 clinical
waveforms acquired via cuff measurements and 794 computationally generated waveforms. The initial
clinical cohort of 111 individuals was divided into 16 healthy participants (providing 354 waveforms) and 95
high-risk individuals who did not meet one or more of the health-associated criteria. An 80:20 train-test split
was applied to create independent cohorts: one for model development and the other as a validation test
group for VasAge evaluation. Note that model development was conducted exclusively on the healthy sample.
Figure 3(b) shows the chronological age distribution of both the healthy (clinical and virtual) and unhealthy
groups used in this study. The similarity in age distributions across groups supports a fair evaluation of the
healthy-age encoded model for VasAge decoding. Additionally, figure S4 in the supplementary material
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Figure 3. (a) Data processing workflow used to create the healthy subset for developing the healthy-age encoded model, as well as
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Probability density of chronological age for the mixed healthy group (including both clinical and virtual subjects) and the
unhealthy clinical group.

presents the age distributions of each subgroup within the healthy dataset, including both clinical and virtual
subjects for reference.

3.2. Vascular age determination

To determine VasAge across different populations, we first evaluate the accuracy of the healthy-age encoded
model. This model is trained and validated exclusively on a healthy subgroup, using brachial pressure
waveforms to estimate age. Table 2 summarizes the agreement between the model-predicted age and the
actual chronological age, including both error metrics and Bland—Altman analysis. The model employed is a
fully connected neural network that uses input features derived from the Fourier decomposition of the signal
into its fundamental harmonics. The data in table 2 are from a validation set within the healthy subgroup,
which was used only once for model assessment. The table also examines how the number of input Fourier
harmonics affects prediction accuracy. Results suggest that using 10 input harmonics provides a good
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Table 2. Statistics on the testing healthy sample as a function of the number of input Fourier harmonics.

Model Correlation coefficient RMSE Mean diff (LoA)

5 input Fourier Harmonics 0.90 5.77 4.03 (—4.07,12.13)
10 input Fourier Harmonics 0.91 4.87 2.93 (—4.70, 10.57)
15 input Fourier Harmonics 0.91 4.63 2.00 (—6.19, 10.20)
20 input Fourier Harmonics 0.85 5.97 2.27 (—8.55,13.09)

RMSE stands for root mean square error and has the units of years. LoA stands for limit of agreement. Mean Diff and LoA
has units of years.

Unhealthy Group

140{ Age < VasAge

=3
o
o

VasAge (Years)
(0]
o

(o)}
o

401 Age > VasAge

30 40 50 60 70 80 90
Chronological Age (Years)

Figure 4. Scatter plots comparing vascular age (VasAge) with chronological age in the held-out unhealthy group. The VasAge is
derived from the Fourier-decomposed features extracted from the brachial pressure waveform.

balance between model accuracy and input dimensionality. Notably, the correlation coefficient between the
predicted age, obtained through machine learning from a single brachial waveform, and chronological age is
0.91. According to the Bland-Altman analysis, the mean difference between predicted and actual age is

2.93 years (less than 5% of the average age in the healthy group), with limits of agreement ranging from
—4.70 to 10.57 years.

Figure 4 presents scatter plots comparing VasAge and chronological age in the held-out unhealthy
individuals. VasAge values are generated using the healthy-age encoded model applied to brachial pressure
waveforms from this group. For reference, the results of applying this model to the validation sample
consisting of healthy subjects are shown in figure S5 of the supplementary material. In the healthy group,
most data points lie near the identity line (VasAge ~ Age), indicating strong agreement. In contrast, the
unhealthy group shows a marked shift, with many data points falling above the identity line (VasAge > Age),
suggesting vascular aging beyond chronological age. Cross mark indicates the mean difference of VasAge and
chronological age for the sample group. The mean difference between VasAge and chronological age is
2.9 years in the healthy group and 9.5 years in the unhealthy group, corresponding to 4% and 15% of their
respective mean ages.

3.3. Physiological-relevancy of the vascular age

Figure 5 illustrates the comparison of VasAge risk, defined as the difference between VasAge and
chronological age, across subgroups stratified by sSPWV and SBP. In figure 5(a), subjects are grouped based
on sPWYV, which is calculated from height-adjusted pulse arrival time. Figure 5(b) presents a similar analysis
using SBP categories. This analysis is performed exclusively on the unhealthy clinical dataset (hold-out test
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Figure 5. Boxplots for vascular age (VasAge) risk distributions for different levels of aortic stiffness quantified by surrogate pulse
wave velocity (sPWV) and systolic blood pressure (SBP). *p < 0.05.

set) to explore how vascular aging patterns vary with established cardiovascular risk markers. The results
show that individuals with elevated aortic stiffness, as indicated by higher sSPWV values, tend to have both
higher VasAge and higher chronological age compared to those with lower aortic stiffness (figure S6 and S7
of the supplementary material). More importantly, the VasAge risk is significantly greater in the
high-stiffness group (p < 0.05), indicating that vascular aging may accelerate disproportionately relative to
chronological aging as aortic stiffness increases. This suggests that VasAge captures pathophysiological
changes in vascular structure and function that may not be fully explained by age alone. In parallel, when
subjects are grouped by SBP (figure 5(b)), a similar trend is observed. Individuals with higher SBP exhibit
elevated VasAge and chronological age compared to those with lower SBP (figure S8 of the supplementary
material). Additionally, VasAge risk is significantly greater in the high-SBP group (p < 0.05), suggesting that
increased systolic pressure is also associated with an accelerated vascular aging process.

4, Discussion

In this study, we developed a ML-based framework to estimate VasAge from a single brachial pressure
waveform. The method was evaluated on a clinical dataset that included both healthy and unhealthy
individuals. A key finding is that VasAge, derived solely from waveform morphology, serves as a sensitive
marker of cardiovascular health and shows a strong association with risk factors such as arterial stiffness. Our
approach extracts reduced-order features from the waveform using harmonic decomposition, which are then
used to train the ML model. To address the limited size of the clinical dataset, we augmented the training
data with virtual samples generated from a physiologically validated pulse wave model. These results
demonstrate that the proposed signal-processing and ML pipeline enables accurate vascular age estimation,
even in data-constrained clinical settings. This highlights the potential of ML to extract physiologically
meaningful insights from high-dimensional biomedical signals that are otherwise difficult to interpret
through conventional methods.

Recently, there has been a significant shift towards analyzing the elements within the shape of the
pressure waveform [5, 13, 19, 20]. Building on these studies, we aimed to leverage the entire brachial pressure
waveform as input to our health assessment algorithm for determining VasAge. We developed a healthy-age
encoded model trained exclusively on a healthy cohort, where VasAge is assumed to match chronological age.
In this model, Fourier-based features extracted from pressure waveforms, acquired using a
laboratory-developed cuff device, served as inputs to a machine learning algorithm. The model was trained
to estimate each individual’s chronological age, which corresponds to VasAge in the healthy population. To
evaluate model performance, we compared predicted age with actual chronological age in an independent
validation set that was kept blind throughout model development and used only once for evaluation
(table 2). Statistical analysis revealed strong agreement between predicted and measured age, indicating high
accuracy of the model. The use of decomposition enabled transformation of complex waveform contours
into constituent harmonic components that reflect forward and reflected waves propagating through the
arterial system. These Fourier-based features provided a physiologically meaningful and compact input space
for the neural network model. Because the model was trained solely on a healthy cohort, its output

9



10P Publishing

Mach. Learn.: Health 1 (2025) 015006 A Aghilinejad et al

corresponds to VasAge, representing the age-equivalent health status inferred from waveform morphology.
The results in table 2 further highlight that the number of Fourier input harmonics affects predictive
accuracy. Specifically, using 10 harmonics offered a favorable balance between performance and input
dimensionality, minimizing overfitting. While increasing the number of input Fourier harmonics initially
enhances model performance, we observe diminishing returns and even a decline in accuracy beyond 15
harmonics. This trend likely reflects the fact that higher-order harmonics begin to capture noise and
measurement artifacts rather than physiologically relevant waveform features. Including more harmonics
introduces high-frequency components that contribute little to physiological interpretation but increase the
risk of overfitting, ultimately compromising model robustness.

Figure 4 shows results from applying the healthy-age encoded model to new, previously unseen sample of
unhealthy population. Applying the healthy-age encoded model to this new group decoded the brachial
pressure waveform to reveal its VasAge. For the healthy population, we expect a one-to-one relationship
between VasAge and chronological age, which is evident in figure S5 of the supplementary material.
Conversely, for the high-risk population, we expect a larger VasAge compared to chronological age. As shown
in figure 4, individuals in the unhealthy group are predominantly located above the line representing a
one-to-one relationship (the region where VasAge > Age). The elevated VasAge in the unhealthy population
demonstrates the model’s ability to differentiate between health and disease conditions based on a single
brachial pressure waveform.

We also examined the associations of VasAge with aortic stiffness by categorizing participants into groups
with sSPWV < 3.7ms™!,3.7-4.5ms ™!, and >4.5 m s! (figure 5). Results indicate that VasAge risk (the
difference between VasAge and chronological age) shows significant differences among these groups.
Previous research at Framingham and elsewhere has demonstrated that pulse wave velocity is strongly related
to the progression of various risk factors and an increased risk of several adverse clinical outcomes [4, 15, 50,
51]. These findings motivated researchers to define VasAge mainly based on carotid-femoral pulse wave
velocity. In a recent population-based study, Mitchell et al [19] proposed an approach to estimate VasAge
based on carotid-femoral pulse wave velocity derived from applying convolutional neural networks to a
single pressure waveform. In this study, we proposed an alternative approach that does not constrain our
model development to pulse wave velocity or any other physiological parameter or cardiac markers. To
address how we define VasAge, we partition data and assume that vascular and chronological ages are
equivalent in a healthy, low-risk population. Our underlying hypothesis is that the information contained in
the pressure waveform can be decoded to reveal VasAge. By using wave decomposition of the pressure
waveform, we first decode VasAge in the healthy population (healthy-age encoded model) and then apply it
to other samples. Results from figure 5 show that elevated VasAge is associated with increased aortic stiffness,
which reflects the natural connections within the cardiovascular system. A similar trend is observed for SBP,
where VasAge risk is significantly associated with higher SBP levels.

Our study has several strengths and potential limitations. One limitation is the imbalance in population
size between the healthy and unhealthy subsets. While our findings suggest that the proposed approach is
sensitive to an individual’s health status, future studies should incorporate larger and more balanced datasets.
Further investigations could also examine the associations between VasAge and clinical outcomes, including
coronary heart disease, cardiovascular events, heart failure, and extracardiac conditions such as
cerebrovascular incidents. The age distribution in our study population reflects the older individuals with a
higher risk of cardiovascular disease. While this aligns with our goal of developing a diagnostic marker for
at-risk populations, future studies should evaluate the applicability of the proposed method in more diverse
cohorts. A core assumption of this study is that, within the healthy subgroup, vascular age aligns with
chronological age. While this assumption provides practical value for model development, it may introduce
bias, as vascular aging is influenced by a complex interplay of genetic, environmental, and lifestyle factors not
captured in our dataset. Even in the absence of overt cardiovascular disease, individuals may exhibit different
rates of vascular aging depending on factors such as physical activity, diet, stress levels, sleep patterns, and
genetic background. Future studies that include these variables could help refine this assumption and
enhance the physiological accuracy of vascular age estimation models. In addition, while carotid-femoral
pulse wave velocity is widely used to estimate vascular stiffness and correlate it with age, such data were not
available in our dataset; future work using large population-based datasets could enable direct comparison
with established vascular aging methods. Despite these limitations, our study has notable strengths. We
employed a reduced-order representation of the input pressure waveform, which improves model
generalizability and is suitable for smaller datasets. Given the demonstrated ability of our reduced-order
model to accurately reconstruct the full waveform, we do not anticipate significant performance gains from
using deep learning with the full signal. Moreover, our approach offers a more data-efficient solution, which
is especially advantageous when working with moderate-sized clinical datasets. Our method-derived vascular
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age effectively distinguishes between healthy and unhealthy subjects and is sensitive to elevated arterial
stiffness and SBP.

5. Conclusion

In summary, we have introduced a method for predicting a clinically significant VasAge that is closely linked
to the occurrence of cardiovascular events such as arterial stiffening. This approach has been validated in a
clinical sample with brachial pulse derived from the laboratory-developed cuff device. The VasAge model
offers a novel strategy for personalized medicine, facilitating both the assessment and long-term monitoring
of cardiovascular health. This method is noninvasive, relying solely on the analysis of a single brachial
pressure waveform, which makes it suitable for clinical implementation with relatively low-cost equipment
and minimal training requirements. While current preventive measures focus on individuals identified as
high-risk through traditional cardiovascular disease risk factors, these algorithms often miss individuals who
are at risk of developing cardiovascular disease. By identifying these individuals before clinical symptoms
emerge and providing earlier detection and intervention, it may be possible to reduce cardiovascular
disease-related mortality and morbidity.
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