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Abstract Nadi Pariksha, the traditional Ayurvedic method of wrist pulse examination, posits that three 

adjacent radial artery locations corresponding to Vata, Pitta, and Kapha (V-P-K) reflect distinct 

physiological states. While recent sensor-based systems have attempted to digitize wrist pulse acquisition, 

many have emphasized hardware design or classification performance without rigorously validating 

physiological differences between pulse sites within the same individual. This study presents a quantitative 

evaluation of the multi-point principle of Nadi Pariksha using synchronized multi-site 

photoplethysmography (PPG) combined with integrated cardiovascular signal analysis. Pulse waveforms 

were simultaneously acquired from 39 participants, including 32 healthy individuals and 7 clinically 

characterized subjects, at the three classical radial artery locations. Morphological timing features and 

time-domain heart rate variability (HRV) metrics were extracted to characterize vascular dynamics and 

autonomic regulation. Within-subject statistical analysis demonstrated significant spatial differentiation 

across the pulse sites. Crest time decreased from 0.204 s at the Kapha site to 0.175 s at the Vata site (14.2% 

reduction), while systolic width decreased from 0.140 s to 0.109 s (22.1% reduction) (p ≤ 0.004). Non-

parametric analysis confirmed significant differences in crest time (H = 9.15, p = 0.010), pulse width (H = 

8.43, p = 0.015), systolic amplitude, systolic area, and HRV variability (SDNN: H = 6.33, p = 0.041), with 

moderate-to-large effect sizes (η² = 0.12–0.20). Clinically characterized cases exhibited deviations from this 

baseline pattern, including a 62% reduction in crest time gradient and a 72% increase in stiffness index in 

diabetes, and a 55% reduction in gradient with a 25% decrease in HRV during acute infection. Given the 

limited clinical sample (n = 7), these findings are interpreted as preliminary. Overall, the results provide 

quantitative within-subject evidence supporting the physiological distinctiveness of the V-P-K pulse 

locations and contribute toward the development of standardized, sensor-based Nadi Pariksha. 

Keywords Wrist Pulse Acquisition, Photoplethysmography (PPG), Vata, Pitta, Kapha, Cardiovascular 

Biomarkers, Time-Domain Feature Extraction, HRV, Ayurvedic Nadi Pariksha, Non-parametric analysis, 

Kruskal-Wallis.  

I. Introduction  

The radial arterial pulse is a well-established 

physiological signal that reflects the integrated behavior 

of cardiac activity, vascular mechanics, and autonomic 

nervous system regulation. In modern biomedical 

research, pulse waveform analysis has been extensively 

applied for the assessment of arterial stiffness, vascular 

aging, autonomic balance, and cardiovascular risk using 

non-invasive sensing modalities [1], [2], [3], [4]. Parallel 

to these developments, Ayurveda, India’s traditional 

system of medicine, has relied on wrist pulse 

examination (Nadi Pariksha) for centuries as a primary 

diagnostic tool to evaluate systemic health and 

functional imbalance [5], [6]. 

In Ayurvedic practice, Nadi Pariksha involves 

palpation of the radial artery at three adjacent 

anatomical locations corresponding to the Vata, Pitta, 

and Kapha (V-P-K) doshas. These pulse points are 

believed to convey information about an individual’s 

constitutional balance (Prakriti) and pathological 

deviations (Vikriti) [5], [6]. Classical Ayurvedic texts 
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describe the Vata pulse as fast, sharp, and variable; the 

Pitta pulse as balanced and forceful; and the Kapha 

pulse as slow, broad, and stable [6], [7]. Despite its long 

standing clinical use, Nadi Pariksha remains largely 

qualitative and dependent on practitioner expertise, 

which has limited its reproducibility, standardization, and 

acceptance within evidence based biomedical 

frameworks [8]. 

Considering these limitations, recent research has 

increasingly focused on sensor-based digitization and 

objective analysis of wrist pulse signals to capture 

underlying physiological dynamics. Early approaches 

employed piezoelectric, piezoresistive, strain gauge, 

and tonometry sensors to capture pressure variations 

analogous to manual palpation [9], [1]. These studies 

demonstrated that pulse waveform morphology contains 

diagnostically relevant features that can be 

computationally extracted and analyzed [10], [11], [12].  

Although several studies have attempted to digitize 

Nadi Pariksha using multi-sensor pulse acquisition 

systems [13]-[15], most of these investigations primarily 

focused on hardware feasibility or machine learning 

classification accuracy rather than conducting 

synchronized within-subject statistical comparisons 

across adjacent radial pulse locations. In many cases, 

pulse signals were analyzed independently or averaged 

across sensors without explicitly testing whether distinct 

physiological gradients exist across the classical Vata, 

Pitta, and Kapha sites within the same individual. 

Furthermore, prior work frequently relied on either 

morphological features or rhythm-based indices alone. 

In contrast, the present study integrates heart rate 

variability (HRV) metrics with beat-level morphological 

timing features and evaluates spatial differentiation 

using a within-subject statistical framework. 

Among available sensing modalities, PPG has 

emerged as a particularly attractive technique for wrist 

pulse acquisition due to its non-invasive nature, low cost, 

and compatibility with wearable devices [2], [13], [14], 

[15]. Beyond heart rate estimation, PPG waveforms 

encode rich morphological information related to arterial 

compliance, wave reflection, and vascular tone [3], [16]. 

Time-domain heart rate variability (HRV) metrics derived 

from PPG have also been widely validated as indicators 

of autonomic nervous system regulation and 

cardiovascular health [17], [18], [19]. These 

physiological correlates provide a direct biomedical 

basis for interpreting traditional pulse descriptors such 

as variability (chala), sharpness (tikshna), and hardness 

(kathinya). 

Several exploratory studies have attempted to 

associate Ayurvedic dosha characteristics with 

quantitative pulse features. Prior work has suggested 

that Vata dominance is associated with increased 

rhythm variability, Pitta with sharper systolic contours, 

and Kapha with broader and slower waveforms 

indicative of increased vascular damping [7], [20], [4]. 

Machine learning approaches have further 

demonstrated the feasibility of classifying dosha states 

using wrist pulse feature [21]-[22]. However, most 

existing studies rely on unimodal analysis focusing either 

on HRV or waveform morphology alone and often lack 

rigorous within-subject statistical validation across the 

three pulse locations.  

A critical and largely unresolved challenge in this 

domain is the objective validation of the multi-point 

principle underlying Nadi Pariksha. While Ayurvedic 

theory asserts that the Vata, Pitta and Kapha pulse 

points encode distinct physiological information within 

the same individual, many digital implementations either 

average signals across locations or analyze them 

independently without formal comparative testing [1], 

[23], [24], [25], [26], [27]. From a biomedical perspective, 

demonstrating statistically significant and reproducible 

differences between adjacent radial artery locations is 

essential to establish the physiological legitimacy of the 

V-P-K framework. 

In response to these limitations, this study proposes a 

multimodal multi-site pulse analysis framework that 

integrates heart rate variability (HRV) metrics with 

detailed morphological timing features extracted from 

photoplethysmography signals. A custom synchronized 

multi-site PPG acquisition system was developed to 

simultaneously capture pulse waveforms from the 

classical Vata, Pitta, and Kapha locations under 

controlled conditions. Using a within-subject 

experimental design, the proposed framework evaluates 

whether these pulse locations encode distinct 

physiological characteristics in healthy individuals and 

whether clinically characterized conditions appear as 

measurable deviations from the baseline pulse pattern. 

The main contributions of this study are summarized 

as follows: 

1. Development of a synchronized multi-site PPG 

acquisition system for capturing radial artery pulse 

waveforms at the classical Vata, Pitta and Kapha 

locations. 

2. Integration of morphological waveform analysis with 

HRV metrics to jointly characterize vascular 

dynamics and autonomic regulation. 

3. Within-subject statistical validation of physiological 

differences between the three pulse sites using 

paired statistical tests and non-parametric analysis. 

4. Establishment of a quantitative framework for digital 

Nadi Pariksha, enabling objective interpretation of 

traditional pulse descriptors using measurable 

cardiovascular biomarkers. 
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The remainder of this paper is organized as follows. 

Section II reviews related research on digital Nadi 

Pariksha and biomedical pulse waveform analysis. 

Section III describes the proposed methodology, 

including participant selection, hardware design, signal 

preprocessing, and feature extraction. Section IV 

presents the experimental results and statistical 

analysis. Section V discusses the physiological 

interpretation and implications of the findings. Finally, 

Section VI concludes the study and outlines future 

research directions. 

 

II. Literature Review  

Quantitative validation of Nadi Pariksha demands a 

meaningful translation of classical Ayurvedic pulse 

attributes such as Gati (rhythm), Bala (force), and 

Kathinya (hardness) into measurable physiological 

indices. Rooted in centuries of clinical practice, Nadi 

Pariksha evaluates the radial artery pulse at three 

closely spaced locations Vata, Pitta and Kapha to infer 

systemic physiological and psychological states. These 

pulse sites are traditionally described as fast and 

irregular (Vata), sharp and forceful (Pitta), and deep and 

steady (Kapha), forming a qualitative framework for 

identifying imbalance (Vikriti) [6], [7]. While clinically 

insightful, such descriptors are inherently subjective, 

underscoring the need for objective, biologically 

interpretable pulse quantification using modern sensing 

and signal analysis techniques to enable reproducible, 

evidence based integration of Ayurvedic diagnostics into 

contemporary biomedical research [28]. 

A. Emergence of Digital Nadi Pariksha  

The past two decades have witnessed significant 

progress in digitizing Nadi Pariksha. Early systems used 

piezoelectric discs, strain gauges or tonometry sensors 

to capture pressure variations caused by arterial 

pulsations [9], [29]. These studies demonstrated that 

measurable morphological features peak amplitude, rise 

time, and pulse width correlate meaningfully with 

Ayurvedic pulse descriptions [10], [11]. More advanced 

research introduced multi-sensor arrays to emulate the 

three finger palpation technique used by practitioners, 

enabling simultaneous acquisition from Vata, Pitta and 

Kapha locations [30], [31]. These innovations laid the 

foundation for systematic comparison of the three pulse 

positions and supported the hypothesis that they are 

physiologically distinct. 

B. Contributions of Modern Biomedical Pulse 

Research  

Parallel to Ayurvedic studies, biomedical engineering 

has developed sophisticated pulse wave analysis 

methods. Morphological features such as systolic peak 

time, dicrotic notch, reflection index, and augmentation 

index are widely used for evaluating vascular stiffness 

and autonomic regulation [4], [32]. PPG, in particular, 

has become a popular modality due to its non-invasive 

nature, low cost and high temporal resolution [2], [13], 

[33]. Techniques such as adaptive filtering, wavelet 

decomposition and multi-sensor motion compensation 

have been shown to improve PPG signal quality 

significantly [34], [35]. These advancements make PPG 

suitable not only for heart rate monitoring but also for 

detailed pulse morphology analysis, providing 

biomedical parallels to Ayurvedic pulse patterns. To 

address known susceptibility of PPG signals to motion 

artifacts and ambient interference, the present study 

incorporated both hardware and procedural mitigation 

strategies. Sensors were mounted within a fixed 

ergonomic fixture to minimize relative movement, 

recordings were performed after a ten-minute seated 

stabilization period, ambient lighting was controlled, and 

analog bandpass filtering (0.5-5 Hz) suppressed 

baseline drift and high frequency noise prior to 

digitization. These measures improved signal stability 

and reduced artifact-induced variability. 

C. Machine Learning Approaches to Pulse 

Classification  

Several studies have attempted to classify Dosha states 

using machine learning. Methods such as k-NN, fuzzy 

C-means, support vector machines, and artificial neural 

networks have reported promising accuracy in 

distinguishing Vata, Pitta, and Kapha [20], [21]. More 

recent works apply feature fusion and multi domain 

representation learning, integrating temporal, spectral, 

and morphological features to enhance classification 

performance [36], [37]. Despite these developments, 

most studies rely on unimodal data either morphological 

or rhythm-based features while classical Ayurvedic 

pulse assessment incorporates multiple dimensions 

simultaneously: rhythm (gati), force (bal), volume (tala), 

and temperature (ushna). 

D. Limitations and Research Gaps 

Despite increasing efforts toward digital Nadi Pariksha, 
the field remains constrained by several 
methodological gaps, including inconsistent sensor 
placement across the Vata, Pitta, and Kapha pulse 
locations, limited and heterogeneous datasets, and a 
predominance of unimodal analyses that inadequately 
capture the multidimensional nature of pulse 
physiology. Additionally, the lack of rigorous within-
subject comparisons and sparse clinical validation in 
pathological (Vikriti) states restrict robust interpretation 
and translational relevance. These limitations highlight 
the need for standardized, high resolution, multimodal 
pulse acquisition and integrative analytical frameworks 
capable of jointly characterizing vascular dynamics and 
autonomic regulation. Addressing these gaps provides 
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the motivation for the present study, which advances a 
multimodal PPG based approach for objective and 
quantitative Tridosha assessment. 

Selection of morphological and HRV features in this 

study was guided by physiological correspondence 

with classical Ayurvedic pulse descriptors. Crest time 

reflects the rate of systolic acceleration and arterial 

propagation speed, corresponding to the Ayurvedic 

concept of tikshna (sharpness). Pulse width 

parameters describe waveform breadth and vascular 

damping, aligning with manda (slowness) and guru 

(heaviness). Heart rate variability indices such as 

SDNN and RMSSD quantify beat-to-beat autonomic 

fluctuations and therefore correspond to chala 

(mobility). Stiffness-related indices reflect vascular 

rigidity consistent with kathinya (hardness). This 

mapping provides a physiologically interpretable bridge 

between traditional pulse descriptors and measurable 

cardiovascular biomarkers. 

 

III. Method  

The overall workflow of the proposed study is illustrated 

in Fig. 1. The methodology begins with the acquisition of 

raw PPG signals using a novel yet simple hardware 

arrangement, along with appropriate participant 

selection and data collection protocols. As shown in Fig.  

1, the acquired signals undergo preprocessing through 

hardware assisted conditioning and software based 

filtering and derivative computation to enhance signal 

quality. Subsequently, pulse wave segmentation is 

performed using peak and onset detection to obtain 

individual cardiac cycles. Fiducial points are then 

identified from the PPG waveform and its derivatives, 

forming the basis for biomarker extraction. These fiducial 

point-based biomarkers are finally utilized for statistical 

analysis, leading to meaningful interpretation of results 

and conclusive findings. 

A. Study cohort and recording protocol  

A total of thirty-nine volunteers (23 male, 16 female) 

were recruited for the study using a convenience 

sampling approach, with an age range of 20-45 years. 

To qualify for participation, subjects were required to be 

between 18 and 60 years of age, with no documented 

history of cardiovascular disease and no concurrent 

usage of chronotropic medications. All participants 

provided written informed consent prior to data 

collection. The study protocol was reviewed and 

conducted in strict adherence to the institutional ethical 

guidelines. Participants were recruited through 

institutional campus announcements and hospital 

referrals using a convenience sampling approach. 

Healthy volunteers were required to satisfy the following 

criteria: age between 18 and 60 years, no diagnosed 

cardiovascular disease, no history of diabetes or 

hypertension, and no use of chronotropic medications. 

The physiological signals were acquired from 

participants who had been previously diagnosed by 

qualified physicians. The participants were identified 

through recognized healthcare institutions after 

obtaining the necessary permissions. Prior to signal 

acquisition, written informed consent was obtained from 

each participant, and all data were collected while 

maintaining strict confidentiality and anonymity of the 

participants. 

 

 
Fig. 1. Hardware Development for Multi-Point Wrist Pulse Acquisition.  
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As per Ayurvedic convention, recordings were made 

on the participant’s right wrist for male participants and 

left wrist for female participants. Each participant 

underwent synchronized optical PPG acquisition at 

three anatomically distinct radial artery loci, classically 

mapped to the Ayurvedic doshas: the distal Vata 

(lateral), intermediate Pitta (central), and proximal 

Kapha (medial) sites. Participants sat quietly for 10 

minutes before recordings to achieve steady baseline 

conditions. Environmental conditions were controlled 

(room temperature 22-26 °C, low ambient light). For 

each site, continuous PPG data were recorded for 3-4 

minutes at 400 Hz sampling rate.  

B. Hardware & acquisition details 

Pulse waveforms from the Vata, Pitta and Kapha (V-P-

K) locations along the radial artery of the dominant wrist 

were recorded simultaneously as shown in Fig. 1. Data 

acquisition was performed using a custom multi-channel 

system built on an STM32 dual-core Cortex-M7/M4 

microcontroller, enabling synchronized high-speed 

sampling, while a 16-bit on chip ADC provided sufficient 

resolution to capture fine pulse-wave amplitude and 

morphological features. 

Each measurement session lasted approximately 3-4 

minutes per participant, yielding signal segments of 

adequate length for reliable heart rate variability (HRV) 

and beat level morphological analysis. Pulse sensing 

was performed using reflective photoplethysmography 

(PPG) photodiode sensors, interfaced through a 

dedicated analog front end comprising preprocessing 

filters and amplification stages. To ensure measurement 

repeatability, the sensor probes were integrated into a 

novel designed ergonomic fixture that maintained fixed 

anatomical alignment with the radial artery while 

applying consistent contact pressure at all three V-P-K 

locations. Although no embedded pressure sensor was 

used, the preload compression distance was 

standardized prior to each recording session and 

waveform stability was visually verified. This 

standardized probe mounting minimized inter acquisition 

variability arising from motion artifacts or inconsistent 

sensor coupling, thereby ensuring that observed 

differences in the recorded signals primarily reflected 

true spatial and physiological distinctions between the 

Vata, Pitta, and Kapha pulse sites. 

1. Circuit Design 

The circuit contains four stages (i) Photodetector, (ii) 

Filter stage, (iii) Amplification and rectification stage, (iv) 

Processing stage. 

2. Photodetector 

Pulse sensing was implemented using a reflective 

photoplethysmography configuration based on the 

TCRT5000, which integrates a 950 nm infrared LED and 

a phototransistor within a single reflective sensing 

module. The optical sensor was selected to provide a 

high current transfer ratio, yielding approximately 1 mA 

collector current for a 10 mA LED drive current and to 

support reflection-based sensing through appropriate 

packaging. To ensure linear operation of the 

phototransistor in a common-emitter configuration, the 

supply voltage and load resistance were designed to 

satisfy the condition shown in Eq. (1) [38]. 

𝑉𝐶𝐶  >  𝑅𝐿𝐼𝐶        (1) 

where Vcc represents the supply voltage applied to the 
phototransistor circuit, RL denotes the load resistance 
connected to the collector terminal and IC represents 
the collector current generated due to reflected infrared 
light. The expected collector current range was 
estimated from the device transfer characteristics and 
anticipated tissue reflectance. Based on this analysis, 
a load resistance of 10 kΩ was chosen to maintain 
active region operation under nominal conditions. The 
subsequent signal conditioning stage was designed 
with high input impedance to prevent loading and 
preserve the integrity of the phototransistor output 
signal. 

 
Fig. 2. Flowchart for continuous PPG time series analysis. The terms PPG’, PPG”, and PPG‴ correspond 
to the first, second, and third derivatives of the PPG signal, respectively [40].  
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3. Filter Design 

A first-order passive high-pass filter with cutoff frequency 

approximately 0.48 Hz was implemented immediately 

after the phototransistor stage to remove DC 

components and baseline drift caused by ambient light 

and tissue reflectance. Subsequently, a second-order 

active low-pass filter with cutoff frequency approximately 

4.9 Hz was used to attenuate high-frequency noise and 

motion artifacts. The resulting analog bandpass 

response (0.5-5 Hz) preserves physiologically relevant 

pulse waveform dynamics prior to digitization. 

The physiologically relevant PPG signal lies within the 
0.5-5 Hz band; thus, filter cutoff corners were selected 
accordingly. A passive high-pass filter placed after the 
phototransistor exploits its high input impedance to 
remove DC offsets from tissue reflectance, ambient light, 
and sensor bias, isolating the pulsatile PPG signal. An 
active low pass filter (LPF) was subsequently 
incorporated to attenuate high frequency noise 
originating from motion artifacts, ambient interference, 
and electronic noise. A high input impedance buffer 
was used to prevent loading of the HPF stage, and a 
voltage gain of 10 was applied to condition the signal 
amplitude. These cutoff frequencies preserve the 
dominant low-frequency physiological components 
while attenuating high frequency noise, thereby 
enhancing signal quality before further amplification 
and analysis. 

4. Amplification and Rectification 

To ensure compatibility with standard microprocessor 

input levels, the final signal was conditioned to lie within 

a usable voltage range of 0-3.3 V or 0-5 V. This was 

achieved by employing an inverting amplifier with a gain 

of 22, followed by diode-based rectification to eliminate 

negative voltage excursions in the processed waveform. 

C. Signal preprocessing 

Preliminary signal processing was implemented at the 

hardware level to condition the raw sensor output, while 

more advanced processing was carried out in the 

microcontroller using appropriate digital algorithms. 

Following acquisition, all PPG recordings were 

subjected to a preprocessing stage that included DC 

offset removal through mean subtraction and variance 

normalization. These steps were applied to reduce 

baseline drift and to improve numerical stability and 

consistency during subsequent signal analysis and 

feature extraction. 

The signal processing workflow used in this study is 

illustrated in Fig. 2. Raw PPG signals were first 

conditioned through analog filtering and amplification 

before digital preprocessing. Subsequent processing 

steps included DC offset removal, normalization, beat 

segmentation, and fiducial point detection. 

Morphological and HRV biomarkers were then extracted 

from individual pulse cycles and used for statistical 

analysis. 

D. Beat segmentation and fiducial point detection 

Per beat fiducial point detection was performed using a 

hybrid derivative and prominence-based algorithm 

specifically tailored for wrist PPG waveforms. The 

robustness of the selected algorithmic parameters was 

verified through visual inspection of representative 

recordings and benchmarked against open source 

reference implementations [2], [39]. Using this 

framework, key fiducial landmarks including pulse onset 

(tonset), systolic peak (Tsp), dicrotic notch (Tdn), diastolic 

peak (Tdp) and pulse offset (toffset)  were systematically 

identified to enable beat level morphological and timing 

analysis. 

1. Derived timing features 

Following the detection of fiducial points, a 

comprehensive set of beat wise temporal and 

morphological features was extracted from the PPG 

waveform. All timing parameters were expressed in 

seconds and referenced to the pulse onset (tonset) to 

ensure consistency across beats and subjects. 

The pulse interval or beat duration denoted as Tpi as 

shown in Fig. 3 [40], represents the duration of a single 

pulse and is defined in Eq. (2) [40], [16], [41]. 

    𝑇𝑝𝑖 = 𝑡𝑜𝑓𝑓𝑠𝑒𝑡 − 𝑡𝑜𝑛𝑠𝑒𝑡      (2) 

where tonset is the pulse onset time and toffset is the pulse 
offset time [40]. The inter-beat interval (Tpp) as shown 
in Fig. 3, analogous to the RR interval, is defined in Eq. 
(3) [40], [16], [41]. 

      𝑇𝑝𝑝 = 𝑡𝑠𝑝
(𝑘)

− 𝑡𝑠𝑝
(𝑘−1)

      (3) 

where tsp(k) and tsp(k-1) are consecutive systolic peak 
times [40]. The systolic rise time Tsp as shown in Fig. 3, 
characterizes the rapid upstroke of the pulse waveform 
and reflects arterial stiffness and cardiac contractility. It 
is defined in Eq. (4) [40], [16], [41]. 

     𝑇𝑠𝑝 =  𝑡𝑠𝑝 − 𝑡𝑜𝑛𝑠𝑒𝑡       (4) 

where tsp is the systolic peak time and tonset is the pulse 
onset time [40]. When present, the diastolic peak delay 
Tdp as shown in 

Fig. 3 captures the timing of the reflected wave relative 

to pulse onset (tonset) and was calculated as in Eq. (5) 

[40], [16], [41]. 

     𝑇𝑑𝑝 =  𝑡𝑑𝑝 − 𝑡𝑜𝑛𝑠𝑒𝑡       (5) 

where Tdp is the diastolic peak time and tonset is pulse 
onset time [40]. The systolic phase duration Tsys as 
shown in Fig. 3, is defined in Eq. (6) [40], [16], [41]. 

     𝑇𝑠𝑦𝑠 =  𝑡𝑑𝑛 − 𝑡𝑜𝑛𝑠𝑒𝑡       (6) 

where tdn is dicrotic notch time and tonset is pulse onset 
time. Similarly, the diastolic phase duration Tdia as 
shown in Fig. 3, corresponding to the relaxation phase 
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of the pulse waveform was computed as shown in Eq. 
(7) [40], [16], [41]. 

     𝑇𝑑𝑖𝑎 =  𝑡𝑜𝑓𝑓𝑠𝑒𝑡 − 𝑡𝑑𝑛      (7) 

where toffset is pulse offset time and tdn is pulse dicrotic 
notch time. 

The temporal separation between systolic peak (Tsp) 
and diastolic peak (Tdp), denoted as Δ𝑇 and shown in 

Fig. 3 was calculated as defined in Eq. (8) [40], [42]. 

     Δ𝑇 = 𝑇𝑑𝑝 − 𝑇𝑠𝑝                  (8) 

where Tdp is diastolic peak time and Tsp is systolic peak 
time. This parameter provides insight into wave 
reflection phenomena and arterial compliance.  In 
addition to these timing features, pulse width metrics 
were extracted at multiple relative amplitude levels to 
capture detailed waveform morphology. The systolic 
width (𝑇𝑠𝑤%), diastolic width (𝑇𝑑𝑤%), and total pulse 

width (𝑇𝑝𝑤%) were computed at 10%, 25%, 33%, 50%, 

66%, 75%, and 90% of the systolic peak amplitude. 
These widths were obtained using linear interpolation 
to identify the time instants at which the waveform 
amplitude equalled the selected percentage of the 
systolic peak. This amplitude normalized approach 
enables robust morphological comparison across 
beats and measurement locations while minimizing 
sensitivity to absolute signal amplitude variations. 

2. Amplitude & area features 

Identified pulse waveforms were analyzed to extract a 

set of amplitude and area based morphological features 

that characterize pulse strength, waveform shape, and 

the distribution of pulsatile energy across the systolic 

and diastolic phases. These features complement 

temporal descriptors by providing additional insight into 

peripheral perfusion and vascular properties. The 

systolic peak amplitude (Asp), dicrotic notch amplitude 

(Adn), diastolic peak amplitude (Adp) and offset amplitude 

(Aoff) were defined as the instantaneous waveform 

amplitudes measured at their corresponding fiducial 

points on the pulse waveform. The energetic contribution 

of the different phases of the cardiac cycle was 

quantified using area under the curve (AUC) metrics 

derived from the pulse waveform. The systolic area, 

denoted as AUCsys represents the pulsatile energy 

during the systolic phase and was computed by 

summation of the waveform amplitude 𝑥(𝑛) between the 

pulse onset time 𝑛on and the dicrotic notch time 𝑛dn as 

defined in Eq. (9) [32], [40]. 

𝐴𝑈𝐶𝑠𝑦𝑠 = ∑ 𝑥(𝑛) ∆𝑡
𝑛𝑑𝑛
𝑛=𝑛𝑜𝑛

      (9) 

The diastolic area, 𝐴𝑈𝐶dia, characterizes the energy 

associated with arterial relaxation and wave reflection 
during diastole and was defined as the summation of 
the waveform from the dicrotic notch (ndn) to the pulse 
offset (noff) as defined in Eq. (10) [32], [40]. 

 

 
Fig. 3. The fiducial points of the PPG signal include the systolic peak (sp), the pulse onset and offset 
(on, off), the dicrotic notch (dn) and the diastolic peak (dp). The fiducial points of PPG derivatives are 
represented by u, v, w, a, b, c, d, e, f, p1, p2. The biomarkers are calculated based on this set of fiducial 
points [40]. 
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𝐴𝑈𝐶𝑑𝑖𝑎 = ∑ 𝑥(𝑛) ∆𝑡
𝑛𝑜𝑓𝑓

𝑛=𝑛𝑑𝑛
    (10) 

The total pulse area, AUCpi, reflects the overall pulsatile 
energy of a single cardiac cycle and was calculated by 
summation of the waveform over the entire pulse 
duration, from onset non to offset noff as defined in Eq. 
(11) [32], [40]. 

𝐴𝑈𝐶𝑝𝑖 = ∑ 𝑥(𝑛) ∆𝑡
𝑛𝑜𝑓𝑓

𝑛=𝑛𝑜𝑛
                (11) 

All summations were evaluated numerically using the 
trapezoidal rule with a sampling interval of Δ𝑡 = 1/𝑓𝑠, 

ensuring consistent and accurate estimation of pulse 
energy across beats and pulse locations. 

E. Heart rate variability (time-domain) 

Using the detected systolic peak timestamps or 

equivalently the Tpp (inter-beat interval) series, standard 

time-domain heart rate variability (HRV) metrics were 

computed for each recording, pulse location and subject 

in accordance with established definitions [40]. These 

metrics included the mean heart rate, SDNN (standard 

deviation of the Tpp intervals), RMSSD (root mean 

square of successive Tpp differences), and pNN50, 

defined as the percentage of successive Tpp differences 

exceeding 0.050s. 

F. Statistical analysis 

Statistical analysis encompassed the computation of 

time-domain HRV indices, including mean heart rate 

(bpm), SDNN, RMSSD, and pNN50%, along with 

summary measures of pulse waveform timing and area-

based morphology. To evaluate differences across the 

Vata, Pitta and Kapha pulse locations, a Kruskal-Wallis 

H test was employed. When significant effects were 

observed, post-hoc Dunn’s pairwise comparisons were 

conducted with statistical significance adjusted using the 

Benjamini Hochberg false discovery rate (FDR) 

correction to control for multiple comparisons. Effect size 

(η²) was calculated to quantify the magnitude of the 

observed differences. Values of η² ≈ 0.01, 0.06, and 0.14 

were interpreted as small, medium, and large effects 

respectively according to conventional statistical 

guidelines. 

 

IV. Result 

A. Heart Rate Variability (HRV) Analysis 

The HRV results summarized in Table 1 demonstrate a 

consistent and site-specific differentiation across the 

three pulse locations, closely reflecting classical 

Ayurvedic descriptions of Vata, Pitta and Kapha. The 

Vata site exhibited the highest variability, with SDNN = 

21.03ms and RMSSD = 19.34ms indicating increased 

autonomic responsiveness and reduced vascular 

damping, consistent with the traditionally described 

chala (mobility) and laghu (lightness) attributes.  
In contrast, the Kapha site showed the lowest heart rate 

(69.44) and minimal beat to beat variability (RMSSD = 

7.88ms) suggesting dominant parasympathetic 

modulation and enhanced vascular stability in 

agreement with the manda (slow) and sthira (stable) 

characteristics of Kapha. The Pitta site consistently 

displayed intermediate HRV values (SDNN=12.08ms), 

reflecting balanced autonomic control and vascular tone. 

Together, these findings provide quantitative evidence 

that the three pulse locations represent distinct 

physiological states rather than interchangeable 

measurement sites. 

B. Non-Parametric Statistical Validation (Kruskal-
Wallis Test) 

The non-parametric Kruskal-Wallis analysis 

summarized in Table 2 revealed statistically significant 

differences across several temporal and morphological 

pulse parameters measured at the three classical pulse 

locations. Significant variation was observed for crest 

time (Tsp: H=9.15, p=0.010), pulse width at 50% 

amplitude (Tpw50: H=8.43, p=0.015), systolic amplitude 

(Asp: H=7.82, p=0.020), systolic area under the curve 

(AUCsys: H=7.54, p=0.023), and heart rate variability as 

measured by SDNN (H=6.33, p=0.041). 

Table 1. HRV Analysis Data 

Dosha 
Site 

Mean HR 
(bpm) 

SDNN 
(ms) 

RMSSD 
(ms) 

pNN50 
(%) 

Vata 74.17 21.03 19.34 4.05 

Pitta 72.90 12.08 11.08 0.66 

Kapha 69.44 9.04 7.88 0.00 
 

 

 

 

 

         Table 2. Non-parametric statistical analysis 

Feature H p (KW)  
Effect Size 

(η²) 
Vata vs Pitta 

(Dunn p) 
Pitta vs Kapha 

(Dunn p) 
Vata vs Kapha 

(Dunn p) 

Tsp 9.15 0.010 0.20 0.042 0.321 0.008 

Tpw50 8.43 0.015 0.18 0.036 0.284 0.009 

Asp 7.82 0.020 0.16 0.061 0.047 0.018 

AUCsys 7.54 0.023 0.15 0.074 0.041 0.020 

SDNN 6.33 0.041 0.12 0.052 0.095 0.037 
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Beyond statistical significance, the magnitude of these 

differences was quantified using effect size estimates 

(η²). The resulting effect sizes ranged from 0.12 to 0.20, 

indicating moderate to large practical effects according 

to conventional interpretation guidelines. The largest 

effects were observed for crest timing (η²=0.20) and 

pulse width (η²=0.18), suggesting that waveform timing 

characteristics are particularly sensitive to differences 

between the pulse locations. Post-hoc Dunn 

comparisons further clarified the pattern of group 

differences. Across all examined features, the most 

consistent and pronounced separation occurred 

between the Vata and Kapha pulse sites. Significant 

pairwise differences between these locations were 

observed for crest time (p=0.008), pulse width (p = 

0.009), systolic amplitude (p=0.018), systolic area 

(p=0.020), and SDNN (p=0.037). In contrast, 

comparisons between Vata and Pitta or between Pitta 

and Kapha generally showed weaker or non-significant 

differences. Taken together, these results indicate that 

the primary physiological contrast within the Vata-Pitta-

Kapha framework occurs between the Vata and Kapha 

pulse sites. From a hemodynamic perspective, this 

distinction reflects differences in waveform dynamics: 

the Vata location exhibits faster rise times and greater 

variability, whereas the Kapha location displays broader 

waveform morphology and comparatively damped 

dynamics. The presence of moderate-to-large effect 

sizes suggests that these differences are not merely 

statistically detectable but also physiologically 

meaningful. 

C. Statistical Validation of the Vata-Pitta-Kapha 
Pattern 

To further evaluate the spatial differentiation of pulse 

characteristics along the radial artery, paired t-tests were 

performed using measurements obtained from 32 

healthy subjects, focusing on key waveform and 

hemodynamic parameters, summarized in Table 3. The 

analysis revealed statistically significant differences 

between the Vata and Kapha pulse sites for both systolic 

width and crest time. Specifically, systolic width 

increased from 0.109s at the Vata location to 0.140s at 

the Kapha location (p=0.001), while crest time increased 

from 0.175s to 0.204s (p=0.004). 

Although the Kruskal-Wallis test provided a global 

non-parametric assessment of differences across the 

three pulse sites, paired t-tests were additionally 

performed to quantify direct pairwise contrasts between 

pulse locations within the same subjects. This 

complementary analysis enables clearer interpretation 

Table 3. Consolidated Paired T-Test (p Values)  

Feature 
Vata vs Pitta 

(p Value) 
Effect Size 
(V-P) (η²) 

Pitta vs Kapha 
(p Value) 

Effect Size 
(P-K) (η²) 

Vata vs Kapha 
(p Value) 

Effect Size 
(V-K) (η²) 

Sys_Width 0.006 0.49 0.312 0.18 0.001 0.63 

Crt_Time 0.011 0.44 0.294 0.19 0.004 0.55 

Stiff_Index 0.118 0.28 0.641 0.09 0.147 0.26 

HR_bpm 0.518 0.12 0.412 0.15 0.705 0.07 
 

 

 

Table 4. The Healthy Subject Baseline Prakriti Profile. 

Modern Parameter Ayurvedic Correlate 
Kapha 
Point 

Pitta Point Vata Point 
Prakriti 
Insight 

Crest Time (Tsp_s) Gati (Sharpness) 0.204s 0.198s 0.175s 
Vata is 

"Sharpest" 

Systolic Width 
(Tsw25_s) 

Guna (Width) 0.140s 0.135s 0.109s 
Vata is 

"Thinnest" 

Stiffness Index (SI) Kathinya (Hardness) 5020 5207 7070 
Vata is 

"Hardest" 

HRV (SDNN) Chala (Variability) 9.04ms 12.08ms 21.03ms 
Vata is 

"Variable" 

Aging Index (AGI) Vascular Age -0.458 -0.732 -0.85 
Kapha is 
"Stable" 

HRV (RMSSD) Chala (Variability) 7.88ms 11.08ms 19.34ms 
Kapha is 
"Calm" 

Reflection Index (RI) Poornata (Fullness) 0.551 0.539 0.495 
Kapha is 
"Fullest" 
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of the physiological gradients along the radial artery 

while providing effect size estimates for individual pair 

comparisons. Effect size analysis (Cohen’s d) indicated 

that these differences were of moderate magnitude, with 

effect sizes of 0.63 for systolic width and 0.55 for crest 

time in the Vata-Kapha comparison. These values 

indicate that the observed waveform differences 

represent meaningful physiological variation rather than 

minor statistical fluctuations. 

In contrast, stiffness index (7070 vs. 5020; p=0.147) 

and heart rate (74.17 bpm vs. 69.44 bpm; p=0.705) did 

not differ significantly between the two pulse sites, and 

their corresponding effect sizes were small. This pattern 

suggests that the primary distinction between pulse 

locations arises from waveform morphology and timing 

characteristics, rather than from systemic cardiovascular 

parameters such as overall heart rate. When the 

pairwise comparisons were extended to include the Pitta 

pulse location, a graded pattern became evident. 

Moderate differences were observed between Vata and 

Pitta for waveform timing parameters, whereas the 

weakest differences were generally found between Pitta 

and Kapha. This pattern reinforces the concept of a 

physiological continuum across the three pulse sites, 

with Pitta exhibiting intermediate characteristics 

between the more dynamic Vata waveform and the 

broader Kapha waveform. 

Overall, the combination of paired statistical testing, 

non-parametric analysis and effect size estimation 

provides converging evidence that the three pulse 

locations encode distinct physiological signatures. The 

consistent and statistically robust differentiation between 

Vata and Kapha supports the interpretation that these 

locations represent opposing hemodynamic extremes 

along the radial arterial waveform. These findings 

provide quantitative support for the multi-point diagnostic 

principle described in traditional Nadi Pariksha, while 

also grounding the interpretation within measurable 

cardiovascular dynamics.  

D. Establishment of the Healthy Prakriti Baseline 
Profile 

Data obtained from thirty-two healthy subjects were 

aggregated to construct a normative Prakriti baseline 

profile as summarized in Table 4. This baseline clearly 

demonstrates that the Vata, Pitta and Kapha pulse 

points are not physiologically equivalent. Instead, each 

location exhibits a distinct and reproducible combination 

of timing, morphological and variability related features. 

At the Vata location, the pulse waveform exhibited the 

fastest dynamics, with a crest time of 0.175s, compared 

to 0.198s at the Pitta site and 0.204s at the Kapha site. 

This represents a progressive increase in crest time of 

approximately 13.1% from Vata to Pitta and 16.6% from 

Vata to Kapha, indicating slower systolic upstroke and 

increased vascular damping toward the proximal pulse 

site. Similarly, systolic width followed a comparable 

trend, increasing from 0.109 s at Vata to 0.135 s at Pitta 

and 0.140 s at Kapha, corresponding to an overall 

increase of approximately 28.4% between Vata and 

Kapha. This widening of the pulse waveform reflects 

increased waveform dispersion and reduced sharpness 

at the Kapha location. Vascular stiffness, as quantified 

by the stiffness index, was highest at the Vata site (7070) 

and decreased toward the Kapha site (5020), with Pitta 

showing an intermediate value (5207). This represents 

an approximate 29% reduction in stiffness index from 

Vata to Kapha, indicating a gradient of decreasing 

arterial rigidity along the measurement locations. 

Table 5. Unhealthy Subject VS. Healthy Baseline. 

Parameter Vata Point Pitta Point 
Kapha 
Point 

Healthy V-K 
Difference 

Unhealthy V-K 
Difference 

Crt_Time 72ms 82ms 83ms 29ms 11ms 

Stiff_Index 13610 9552 10079 2050 3531 

Ref_Index 0.581 0.616 0.676 0.056 0.095 

SDNN 54ms 47ms 43ms 12ms 11ms 

RMSSD 16.7ms 13.9ms 15.1ms 11.46ms 1.6ms 

 

 

 

 

 

 

Table 6. Clinical Deviation 

Parameter 
Healthy 
Mean 

Diabetic 
Case 

URI 
Case 

Crest Time V-K 
Difference 

29ms 11ms 13ms 

Stiffness Index 2050 3531 3129 

SDNN 12ms 11ms 9ms 
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Heart rate variability (HRV) parameters further 

reinforced this pattern. The Vata site demonstrated the 

highest variability, with SDNN=21.03ms and RMSSD= 

19.34ms, compared to SDNN=12.08ms and RMSSD= 

11.08ms at Pitta, and SDNN=9.04ms and RMSSD= 

7.88ms at Kapha. This corresponds to an approximate 

57% reduction in SDNN from Vata to Kapha, indicating 

progressively reduced autonomic variability and 

increased cardiovascular stability. Additional indices 

such as the reflection index (RI) and aging index (AGI) 

further supported this spatial differentiation. The 

reflection index increased from 0.495 at Vata to 0.551 at 

Kapha, suggesting greater waveform fullness and 

peripheral reflection at the Kapha site. Conversely, the 

aging index showed more negative values at Vata (-

0.85) compared to Kapha (-0.458), indicating differences 

in vascular aging characteristics across locations. 

Overall, the quantitative baseline profile demonstrates 

that the three pulse locations are not physiologically 

equivalent. Instead, they form a structured gradient in 

waveform dynamics, vascular stiffness, and autonomic 

variability. The Vata site is characterized by faster, 

sharper, and more variable pulse dynamics, whereas 

the Kapha site exhibits broader, slower, and more stable 

waveforms, with the Pitta site consistently occupying an 

intermediate physiological position. 

E. Identification of Imbalance (Vikriti) as Statistical 
Outliers. 

An imbalanced physiological state (Vikriti) was defined 

as a subject whose multi-site Vata, Pitta and Kapha (V-

P-K) pulse profile deviates beyond the normal inter-site 

variability established by the healthy (Prakriti) baseline 

as mentioned in Table 5. Subjects showing consistent, 

multi-parameter divergence were classified as 

statistical outliers. Two clinically distinct patterns 

illustrate this framework. 

1. Clinical Deviation from the Healthy Pulse Profile 

To quantify pathological deviations, clinically labelled 

subjects were compared against the healthy reference 

values summarized in Table 6. Key parameters 

including crest time gradient, stiffness index, and heart 

rate variability (SDNN) were analyzed across pulse 

sites. In the healthy cohort, the mean Vata-Kapha crest 

time difference was 29ms, representing a well-defined 

temporal gradient along the radial artery. In contrast, this 

gradient was substantially reduced in pathological 

conditions, indicating disruption of normal spatial pulse 

differentiation. 

2. Diabetes-Associated Vascular Stiffening 

The diabetic subject demonstrated a pronounced 

deviation from the healthy baseline. The Vata-Kapha 

crest time difference decreased from 29 ms (healthy) to 

11ms, corresponding to a 62.1% reduction in the spatial 

pulse gradient. Simultaneously, the stiffness index 

increased from 2050 in healthy subjects to 3531 in the 

diabetic case, representing a 72.2% increase, indicating 

significant vascular stiffening. This increase reflects 

reduced arterial compliance and altered pulse wave 

propagation. Heart rate variability also showed a 

reduction. SDNN decreased from 12ms (healthy mean) 

to 11ms, corresponding to an 8.3% decrease, 

suggesting diminished autonomic flexibility. These 

combined changes indicate that diabetes leads to both 

structural vascular alterations and reduced autonomic 

modulation, resulting in attenuation of the normal Vata-

Pitta-Kapha pulse gradient. 

3. Acute Inflammatory Imbalance 

A distinct pattern was observed in the subject with acute 

upper respiratory infection (URI). The Vata-Kapha crest 

time difference decreased from 29ms to 13ms, 

corresponding to a 55.2% reduction, indicating 

disruption of the normal pulse timing gradient. The 

stiffness index increased from 2050 (healthy) to 3129, 

representing a 52.6% increase, suggesting transient 

alterations in vascular tone rather than permanent 

structural stiffening. In addition, SDNN decreased from 

12ms to 9ms, corresponding to a 25% reduction, 

indicating significant autonomic perturbation during the 

acute inflammatory state. Unlike the diabetic case, 

where long-term vascular remodeling dominates, these 

changes reflect temporary physiological modulation 

associated with inflammatory processes and autonomic 

imbalance.  

4. Summary of Clinical Deviations 

Overall, clinically labelled subjects exhibited clear and 

quantifiable deviations from the healthy baseline profile. 

Chronic metabolic disease (diabetes) resulted in a 62% 

reduction in crest time gradient, a 72% increase in 

stiffness index, and reduced HRV, indicating structural 

vascular impairment. In contrast, acute inflammatory 

conditions produced a 55% reduction in crest time 

gradient, a 52% increase in stiffness index, and a 25% 

reduction in HRV, reflecting transient physiological 

disturbances. These findings demonstrate that the multi-

site PPG framework is sensitive to both structural and 

functional alterations in cardiovascular dynamics. The 

ability to detect deviations in spatial pulse gradients 

provides quantitative support for the Ayurvedic concept 

of Vikriti as a measurable departure from baseline 

physiological organization. 

 

V. Discussion 

The primary objective of this study was to quantitatively 

evaluate whether the classical Ayurvedic premise of 

Nadi Pariksha that the three radial pulse locations 

corresponding to Vata, Pitta, and Kapha represent 
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distinct physiological states can be validated through 

modern cardiovascular signal analysis. Using 

synchronized multi-site photoplethysmography and a 

within-subject analytical framework, the results 

demonstrate clear and statistically significant spatial 

differentiation across the three pulse locations. 

Statistical analysis confirmed significant variation in 

multiple waveform and autonomic parameters. Crest 

time showed a significant difference across sites (H= 

9.15, p=0.010), with values increasing from 0.175 s at 

Vata to 0.204s at Kapha, corresponding to an 

approximate 16.6% increase, indicating slower systolic 

upstroke and increased vascular damping. Similarly, 

pulse width at 50% amplitude increased from 0.109s to 

0.140s, representing a 28.4% increase, reflecting 

broader waveform morphology and reduced sharpness. 

Additional parameters, including systolic amplitude (H 

=7.82, p=0.020) and systolic area (H=7.54, p=0.023), 

also demonstrated statistically significant differences, 

while heart rate variability showed a significant reduction 

across sites (SDNN: H=6.33, p=0.041). SDNN 

decreased from 21.03ms at the Vata site to 9.04ms at 

the Kapha site, corresponding to a 57% reduction, 

indicating progressively reduced autonomic variability. 

The observed effect sizes (η²=0.12-0.20) indicate 

moderate-to-large physiological effects rather than 

marginal statistical differences. 

Pairwise comparisons further highlighted that the 

strongest differentiation occurred between the Vata and 

Kapha pulse locations. Significant differences were 

observed for crest time (p=0.004) and systolic width (p= 

0.001), with corresponding effect sizes of 0.55 and 0.63, 

respectively, indicating meaningful physiological 

separation. In contrast, differences between Pitta and 

Kapha were comparatively smaller and often non-

significant, supporting the presence of a physiological 

continuum rather than discrete segmentation. The Pitta 

pulse site consistently exhibited intermediate 

characteristics. For example, crest time at Pitta (0.198s) 

lies between Vata (0.175s) and Kapha (0.204s), while 

HRV parameters such as SDNN (12.08 ms) also fall 

between the higher variability of Vata and lower 

variability of Kapha. This graded pattern suggests that 

the radial artery exhibits a continuous physiological 

transition rather than independent pulse signatures, 

aligning with the Ayurvedic concept of Pitta as a 

regulatory state balancing Vata and Kapha dynamics. 

An important observation is the coupling between 

waveform morphology and autonomic variability. The 

Vata site demonstrated both faster waveform dynamics 

and higher HRV (SDNN=21.03ms; RMSSD=19.34ms), 

whereas the Kapha site exhibited slower waveform 

dynamics and reduced variability (SDNN=9.04ms; 

RMSSD=7.88ms). This corresponds to an approximate 

57% reduction in SDNN and 59% reduction in RMSSD, 

indicating that vascular dynamics and autonomic 

regulation are physiologically linked. These findings 

suggest that pulse waveform morphology is not solely 

determined by vascular mechanics but is also influenced 

by neurocardiac modulation. 

The clinical analysis further supports the sensitivity of 

the proposed framework in detecting pathological 

deviations. In the diabetic subject, the Vata-Kapha crest 

time gradient decreased from 29ms to 11ms, 

representing a 62.1% reduction, while the stiffness index 

increased from 2050 to 3531, corresponding to a 72.2% 

increase. These changes indicate significant arterial 

stiffening and reduced spatial pulse differentiation, 

consistent with known vascular complications of 

diabetes. In contrast, the acute infection case exhibited 

a crest time gradient reduction from 29ms to 13ms, 

corresponding to a 55.2% decrease, along with a 52.6% 

increase in stiffness index and a 25% reduction in 

SDNN. These changes suggest transient alterations in 

vascular tone and autonomic balance rather than 

structural vascular remodeling. The distinction between 

chronic and acute conditions highlights the ability of the 

multi-site framework to differentiate between long-term 

pathological changes and temporary physiological 

perturbations. Previous studies on multi-point radial 

pulse acquisition, particularly PPG-based approaches, 

have primarily demonstrated strong inter-sensor 

coupling with high cross-correlation values (r ≈ 0.75-

0.95) and relatively small temporal delays in the range of 

5-12ms as shown in Table 7, indicating that adjacent 

pulse signals largely reflect common mechanical 

propagation phenomena along the arterial wall. In 

contrast, the present study demonstrates substantially 

larger spatial variations, with crest time differences 

reaching 29ms and relative changes of 16.6%, and 

pulse width variations of up to 28.4%. These values 

exceed typical variation ranges (10-20%) reported in 

flexible multi-sensor pulse systems, suggesting that the 

observed differences are not merely due to 

measurement noise or mechanical propagation, but 

represent structured physiological gradients along the 

radial artery. 

Furthermore, unlike prior studies that focus primarily 

on classification accuracy (typically 85-93%) or signal 

fusion, the present work incorporates within-subject 

statistical validation and effect size analysis, revealing 

moderate-to-large effects (η² = 0.12-0.20). The 

integration of heart rate variability further demonstrates 

substantial autonomic variation across pulse sites, with 

SDNN differences reaching up to 57%, which has not 

been reported in earlier multi-point pulse studies. 

Collectively, these findings indicate that multi-site pulse 

signals are not only mechanically coupled but also 
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encode physiologically distinct information, supporting 

the hypothesis of functional heterogeneity across radial 

artery locations. Unlike prior multi-point pulse studies 

that report small temporal differences (5-12ms) and high 

signal correlation, the present study demonstrates 

significantly larger spatial gradients (up to 29ms and 

57% variation) with moderate to large effect sizes, 

indicating physiologically meaningful differentiation 

rather than simple mechanical propagation. 

Despite these findings, certain limitations must be 

acknowledged. The number of clinically characterized 

subjects was limited (n=7), which restricts the 

generalizability of disease related observations. 

Additionally, although sensor placement was 

standardized using an ergonomic fixture, direct 

measurement of contact pressure was not implemented, 

which may introduce minor variability. Furthermore, the 

analysis was limited to time-domain HRV and 

morphological features; inclusion of spectral or nonlinear 

metrics could provide additional insights.  From a 

broader perspective, these findings have important 

implications for the standardization of digital Nadi 

Pariksha. The results indicate that synchronized multi-

site acquisition is essential for capturing spatial pulse 

gradients, while integration of HRV and morphological 

features provides a comprehensive representation of 

cardiovascular dynamics. Establishing normative 

thresholds for parameters such as crest time gradients, 

pulse width, and HRV variability may enable objective 

detection of physiological imbalance. 

Overall, the results demonstrate that the classical 

Vata-Pitta-Kapha pulse model corresponds to 

measurable physiological variation along the radial 

artery. The combination of statistically significant 

differences, moderate-to-large effect sizes, and clinically 

meaningful deviations supports the use of multi-site PPG 

analysis as a quantitative and reproducible framework 

for digital Nadi Pariksha. 

 
VI. Conclusion  

This study quantitatively investigated the classical 

Ayurvedic premise of Nadi Pariksha that the three radial 

pulse locations corresponding to Vata, Pitta, and Kapha 

represent distinct physiological states along the radial 

artery, using synchronized multi-site 

photoplethysmography and within-subject statistical 

analysis. Significant spatial differentiation was observed 

across pulse sites, particularly in crest time (H=9.15, 

p=0.010), pulse width (H=8.43, p=0.015), systolic 

amplitude (H =7.82, p=0.020), systolic area (H=7.54, 

p=0.023), and HRV (SDNN: H=6.33, p=0.041), with 

moderate-to-large effect sizes (η²=0.12-0.20). The 

strongest contrast occurred between Vata and Kapha, 

where crest time increased from 0.175s to 0.204s and 

systolic width from 0.109s to 0.140s, indicating a 

transition from faster, more variable waveforms to 

broader and more damped pulse characteristics. 

Additional findings showed that the Pitta site consistently 

exhibited intermediate behaviour, supporting a 

physiological continuum. Preliminary clinical 

observations from a limited cohort of clinically 

characterized subjects indicated that the Vata-Kapha 

Table 7. Comparison with Related Studies 

Study Sensor Type 
Multi-
Site 

Within-Subject 
Statistical 
Testing 

Key Quantitative 
Findings 

Effect 
Size 

Clinical 
Validation 

Storchun et al. (PPG 
Radial Artery)  

Pressure 
sensors 

Yes Yes (limited) 
Time delay: 5-12 
ms, Correlation: 

0.75-0.95 

Not 
reported 

No 

Wang et al. 
(Multichannel 

Fusion) 

Pressure 
sensors 

Yes No 
Classification 

accuracy: ~85-
90% 

Not 
reported 

No 

Jiang et al. (Feature 
Fusion) 

Multi-
channel 
pulse 

Yes No 
Accuracy: ~88-

93% 
Not 

reported 
No 

Flexible Sensor 
Study (2021) 

Flexible 
multi-point 

sensor 
Yes No 

Signal variation: 
~10-20% 

Not 
reported 

No 

Charlton et al. (PPG 
HRV) 

Wearable 
PPG 

No Limited 
HRV error: ~5-

10% 
Not 

reported 
No 

Present Study  
Multi-site 

synchronized 
PPG 

Yes 
Yes (paired t-

test + KW) 

Crest time: 16.6%, 
Pulse width: 

28.4%, SDNN: 
57% 

η² = 
0.12-
0.20 

Preliminary 
(n=7) 
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crest time gradient decreased by approximately 62% in 

diabetes (29ms to 11ms) with a corresponding increase 

in stiffness index (2050 to 3531), while acute infection 

showed a 55% reduction in gradient and a 25% 

decrease in HRV, suggesting disruption of normal pulse 

dynamics. Future research should prioritize larger and 

more diverse clinical cohorts, incorporation of additional 

cardiovascular biomarkers, and multi-center validation 

to establish a robust and standardized framework for 

digital Nadi Pariksha. 
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