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Discrimination between possible 
sarcopenia and metabolic 
syndrome using the arterial pulse 
spectrum and machine‑learning 
analysis
Li‑Wei Wu 1,2, Te OuYoung 1,2, Yu‑Chih Chiu 3, Ho‑Feng Hsieh 3 & Hsin Hsiu 3,4*

Sarcopenia is defined as decreased skeletal muscle mass and function, and is an important cause of 
frailty in the elderly, also being associated with vascular lesions and poor microcirculation. The present 
study aimed to combine noninvasive pulse measurements, frequency-domain analysis, and machine 
learning (ML) analysis (1) to determine the effects on the pulse waveform induced by sarcopenia and 
(2) to develop discriminating models for patients with possible sarcopenia. Radial blood pressure 
waveform (BPW) signals were measured noninvasively for 1 min in 133 subjects who visited Tri-Service 
General Hospital for geriatric health checkups. They were assigned to a robust group and a possible-
sarcopenia group that combined dynapenia, presarcopenia, and sarcopenia. Two classification 
methods were used: ML analysis and a self-developed scoring system that used 40 harmonic pulse 
indices as features: amplitude proportions and their coefficients of variation, and phase angles 
and their standard deviations. Significant differences were found in several spectral indices of the 
BPW between possible-sarcopenia and robust subjects. Threefold cross-validation results indicated 
excellent discrimination performance, with AUC equaling 0.77 when using LDA and 0.83 when using 
our scoring system. The present noninvasive and easy-to-use measurement and analysis method 
for detecting sarcopenia-induced changes in the arterial pulse transmission condition could aid the 
discrimination of possible sarcopenia.

Sarcopenia is defined as decreased skeletal muscle mass and function, and is an important cause of frailty in the 
elderly1–5. It has been reported that around 50 million people worldwide have sarcopenia, which affects 13% 
of individuals aged 60–70 years6,7. Sarcopenia can affect whole-body metabolism, the inflammatory response, 
muscle force, functional capacity, and the amount of body fat1. Its progression is closely associated with old age, 
skeletal muscle disuse, malnutrition, chronic systemic inflammation, and anabolic disorder8. Aging is generally 
accompanied by changes in body composition (e.g., a loss of skeletal muscle mass), decreased physical activ-
ity and protein intake, and decreased concentrations of anabolic hormones4,7. Sarcopenia is associated with 
increased risks of falls and fractures in elderly individuals, which may further increase the mortality rates of 
elderly populations9. The consequences of sarcopenia also include increased physical disability, lower quality of 
life, higher mortality, and increased rates of cardiovascular disease (CVD) with a poor prognosis2,6,7.

Sarcopenia is believed to be associated with imbalances in the anabolic and catabolic pathways that regulate 
muscle protein synthesis7. Socioeconomic factors, physical activity, chronic diseases, and nutritional factors 
are risk factors for sarcopenia9. Sarcopenia is often related to multiple pathologies, such as type-2 diabetes 
mellitus, cancer, and obesity4,7. It also interacts bidirectionally with CVDs, such as by impairing exercise capac-
ity in the elderly, which is strongly associated with CVDs, and CVDs and sarcopenia can coexist to further 
reduce exercise tolerance and increase mortality. Sarcopenia may lead to poor physical performance and reduced 
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cardiorespiratory fitness in older patients with CVDs, while CVDs may correspondingly induce sarcopenia 
through common pathogenetic pathways to influence each other (e.g., hormonal changes, malnutrition, and 
physical inactivity)8.

Associations have been found between sarcopenia and various types of CVDs. Lower muscle strength is 
associated with increases in metabolic syndrome (MetS) and type-2 diabetes mellitus1. Sarcopenia has been 
noted to be significantly associated with poor outcomes, cardiovascular events, and impaired microcirculation 
in patients with type-2 diabetes mellitus10. Peripheral arterial disease (PAD) is also noted to be accompanied by 
musculoskeletal abnormalities including sarcopenia11. PAD and sarcopenia can run in parallel, perhaps since 
these conditions may act synergistically to decrease mobility. Males with PAD and sarcopenia demonstrated 
impaired PAD-specific mobility6.

The substantial impact of chronic musculoskeletal disorders on health make sarcopenia an important deter-
minant of the health status5, and so an effective tool for accurate and timely diagnoses of sarcopenia is urgently 
needed. Several technologies are currently employed to estimate muscle mass, including bioimpedance analysis 
and anthropometry measures4. Imaging-based quantification using methods such as MRI and CT is considered 
the gold standard, but these methods have drawbacks of high cost, low accessibility, and radiation exposure3,4. 
Techniques measuring muscle function have also been used, including to evaluate muscle strength (e.g., grip 
strength and knee flexion strength) and the physical performance (e.g., gait speed, chair stand test, and walking 
speed)4,7.

Increased arterial stiffness is associated with the body composition in elderly males, such as a decreased 
skeletal muscle mass. It is possible that increases in the arterial stiffness can lower the perfusion efficiency, 
decrease the flows of blood, oxygen, and nutrients to muscle tissue, and hence lead to decreased muscle mass2. 
Since the transmission of an arterial pulse can be affected by the arterial stiffness, measuring and analyzing the 
pulse waveform can potentially aid the detection of abnormalities induced by sarcopenia and hence facilitate its 
early diagnosis and personalized follow-up. Previous noninvasive measurements revealed that the brachial-ankle 
pulse-wave velocity (PWV) increases as the skeletal muscle mass decreases2. Another study involving elderly 
Americans found that the carotid-femoral PWV was negatively correlated with skeletal muscle mass8.

The characteristics of the pulse waveform transmitting along an artery can reflect changes in the elastic prop-
erties of the arterial system, and this waveform can be easily measured noninvasively using wearable devices. It is 
therefore considered a useful method for monitoring physiological and pathological conditions, with many stud-
ies having investigated the detection of changes in arterial stiffness induced by various kinds of chronic diseases. 
For example, time-domain analysis has been used to study the effects induced in aged people and patients with 
hypertension, hypercholesterolemia, coronary artery disease, and PAD12–16. Frequency-domain analysis has also 
been used to investigate specific patterns in the pulse waveform induced by CVDs as well as noncardiovascular 
diseases such as cerebrovascular disease, MetS, dementia, vascular aging, and frozen shoulder17–22.

There is increasing interest in applying machine learning (ML) analysis to monitor health outcomes, since 
ML analysis can detect subtle changes in the pulse waveform. The present study aimed to combine noninvasive 
measurements, frequency-domain analysis, and ML analysis (1) to determine the effects on the pulse waveform 
induced by sarcopenia and (2) to verify the accuracy and validity of discriminating models developed for patients 
with sarcopenia. The present findings might be useful for developing a new noninvasive method for detecting 
sarcopenia-induced changes in the arterial pulse transmission condition and hence the vascular elastic properties. 
Furthermore, MetS is a cluster of pathological signs that not only increase the risk of the subsequent development 
of CVD, but might also be associated with sarcopenia. An association has been noted between changes in skeletal 
muscle mass and MetS development1. Data acquired from the recruited subjects were divided into subgroups to 
further understand how MetS might influence pulse-waveform analyses of sarcopenia.

Materials and methods
Details of the present experimental setup and the signal processing methods have been reported previously21,22 
and are also available in the Supplemental Materials (Supplementary Information 1). Blood pressure waveform 
(BPW) and ECG signals were measured noninvasively (typical waveforms are shown in Fig. 1). HR_CV was 
calculated from the R−R intervals of the ECG signals as the coefficient of variation of the heart rate (HR) to 
evaluate changes in the HR variability. We applied frequency-domain analysis to derive 40 harmonic indices 
from the BPW signal based on the following 4 parameters for n = 1–10: amplitude proportion (Cn), coefficient 
of variation of Cn (CVn), phase angle (Pn), and standard deviation (SD) of Pn (Pn_SD).

Measurements were made in 133 volunteers whose characteristics are listed in Table 1. The study population 
was recruited at the Health Management Center of Tri-Service General Hospital from August 2020 to October 
2021. The study was reviewed and approved by the institutional review board of Tri-Service General Hospital 
(TSGHIRB 2-108-05-161). All experiments were performed in accordance with relevant guidelines and regula-
tions. Adults aged 71.01 ± 4.14 years (mean ± SD) who came for geriatric health checkups were eligible for inclu-
sion in the study. The exclusion criteria were (1) severe illness such as liver cirrhosis, kidney failure, heart failure, 
cancer, or cerebral vascular disease, (2) severe mental illness, (3) severe endocrine disease such as hyper- or 
hypothyroidism, (4) skin ulceration or wound that could interfere the measurements, or (5) taking a medica-
tion that could affect vascular endothelial function. The eligible participants were invited by study assistants to 
enroll in this study voluntarily. All participants were informed about the study and then signed consent forms.

According to the criteria listed in Table 2, the subjects were categorized into robust, dynapenia, presarcope-
nia, and sarcopenia groups. Furthermore, to investigate the possible effects of MetS in sarcopenia subjects, the 
subjects were assigned to a pre-MetS group (with one or two MetS factors) and a no-MetS group (with no MetS 
factor) according to the following criteria of MetS: (1) waist circumference ≥ 90 cm for males and ≥ 80 cm for 
females; (2) blood pressure (BP) ≥ 130/85 mmHg, or taking physician-prescribed hypertension treatment drugs; 
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(3) low high-density lipoprotein cholesterol < 40 mg/dL for men and < 50 mg/dL for women; (4) fasting blood 
sugar value ≥ 100 mg/dL, or taking medicine prescribed by a doctor to treat diabetes; (5) high fasting triglyceride 
≧ 150 mg/dL, or taking a physician-prescribed triglyceride-lowering drug.

Two classification methods were used to discriminate between possible-sarcopenia and robust subjects: ML 
analysis and a self-developed scoring system. For the ML analysis (details of which are presented in the Supple-
mental Materials), the features of pulse signals were collected from the 40 indices for each pulse: Cn, CVn, Pn, and 
Pn_SD values for n = 1–10. The following eight supervised methods were used for the binary classification of the 
data: support vector machine (SVM), multilayer perceptron (MLP), Gaussian Naïve Bayes (GNB), decision tree 
(DT), random forest (RF), logistic regression (LR), linear discriminant analysis (LDA), and k-nearest neighbor 
(KNN). Threefold cross-validation was used in the model training process. The confusion matrix was determined, 
and the accuracy, sensitivity, specificity, and AUC were calculated to evaluate the performance of each classifier.

To further understand the discrimination ability using pulse indices, the self-developed scoring system applied 
the following steps:

•	 Selection of the pulse indices that differed either significantly or marginally significantly (0.05 < p < 0.1) 
(according to Fig. 3) between possible-sarcopenia and robust subjects.

•	 For each selected index, two scores (score1 for the robust bar and score2 for the possible-sarcopenia bar) were 
assigned in the range from 0 to 10 points according to the definition in the figure below: left, robust < possible 
sarcopenia; right, robust > possible sarcopenia.

•	 The score difference for each selected index between score1 and score2 (score1-score2) was calculated.
•	 For each subject, the average of the score differences for all the selected indices was then calculated to evalu-

ate the similarity of the pulse waveform with a robust characterization (score1-score2 > 0) and a possible-
sarcopenia characterization (score1-score2 < 0).

Figure 1.   Typical BPW waveforms measured (in arbitrary units).
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Informed consent.  Informed consent was obtained from all individual participants included in the study.

Result
The general, clinical, and biochemical characteristics of the participants are listed in Table 1. Figure 2 compares 
the harmonic indices of the BPW signals among robust, dynapenia, presarcopenia and sarcopenia, and Fig. 3 
compares robust and possible-sarcopenia (dynapenia + presarcopenia + sarcopenia) subjects. Figure 3 reveals that 

Table 1.   Characteristics of the study subjects in the robust, dynapenia, presarcopenia, and sarcopenia groups. 
Differences were tested using one-way ANOVA.

Characteristics of the study 
participants

Groups

Robust Dynapenia Pre-sarcopenia Sarcopenia Total

P valuen = 74 n = 28 n = 17 n = 14 n = 133

Continuous variables

Age (years), mean (SD) 70.20 (3.84) 72.71 (4.53) 69.65 (2.84) 73.57 (5.00) 71.01 (4.14) 0.208

BMI (kg/m2), mean (SD) 25.03 (2.12) 24.95 (2.19) 20.500 (1.64) 22.500 (2.01) 24.17 (2.43) 0.680

Abdominal circumference(cm) , mean 
(SD) 82.15 (6.45) 81.93 (6.37) 71.29 (5.91) 77.79 (6.50) 80.26 (6.83) 0.975

Systolic blood pressure (mmHg), mean 
(SD) 136.64 (14.13) 130.14 (13.65) 124.47 (7.86) 131.57 (12.57) 133.18 (13.29) 0.077

Diastolic blood pressure (mmHg), 
mean (SD) 80.26 (9.14) 75.79 (7.50) 73.94 (8.08) 76.36 (7.60) 78.10 (8.60) 0.650

Sleep (hour) , mean (SD) 6.76 (0.89) 6.45 (0.95) 6.76 (0.84) 6.50 (0.79) 6.67 (0.89) 0.841

Pulse (/min) , mean (SD) 71.86 (7.14) 73.82 (8.15) 76.64 (9.00) 70.71 (5.90) 73.18 (8.02) 0.325

Clinical indicators

Gender (male), n (%) 38 (51.35) 10 (35.71) 4 (23.53) 2 (14.29) 54 (40.60) 0.019

Hypertension, n (%) 11 (14.86) 5 (17.86) 2 (11.76) 1 (7.14) 19 (14.29) 0.805

Type 2 diabetes mellitus, n (%) 11 (10) 5 (10.64) 3 (12.5) 1 (5) 20 (9.95) 0.976

Malignancy, n (%) 5 (6.76) 1 (3.57) 2 (11.76) 3 (21.43) 11 (8.27) 0.212

Coronary heart disease, n (%) 4 (3.64) 2 (4.26) 1 (4.17) 1 (5) 8 (3.98) 0.941

Chronic obstructive pulmonary disease, 
n (%) 1 (1.35) 1 (3.57) 1 (5.88) 2 (14.29) 5 (3.76) 0.128

Smoking, n (%) 16 (21.62) 3 (10.71) 3 (17.65) 2 (14.29) 24 (18.05) 0.616

Osteoporosis, n (%) 5 (4.55) 7 (14.89) 3 (12.50) 0 (0) 15 (7.46) 0.377

Table 2.   Criteria for inclusion in the robust, dynapenia, presarcopenia, and sarcopenia groups. According to 
Asian Working Group for Sarcopenia: 2019 Consensus Update on Sarcopenia Diagnosis and Treatment.

Robust Dynapenia Pre-sarcopenia Sarcopenia

 ×  ✓  ×  ✓ Low handgrip strength (M: < 28 kg, F: < 18 kg) or Slow 6-m walk: < 1.0 m/s

 ×   ×  ✓ ✓ Low appendicular skeletal muscle mass measured by Bioelectrical impedance 
analysis (M: < 7.0 kg/m2, F: < 5.7 kg/m2)
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among the pulse waveform indices, the Cn values, P1–P3, and P5 were significantly smaller in possible-sarcopenia 
subjects than in robust subjects. For the pulse variability indices, CV3–CV10 were larger in possible-sarcopenia 
subjects than in robust subjects (all significant except for CV4 and CV7). There were no significant differences 
in Pn_SD.

Figure 4 compares the harmonic indices of the BPW signals between with and without pre-MetS. Only 
CV4, CV6, and CV7 differed significantly between with and without pre-MetS. Figure 5 compares BPW har-
monic indices in all subjects with MetS factors. Figure 6 compares the harmonic pulse indices in robust and 
possible-sarcopenia subjects between with and without pre-MetS. The differences in the pulse indices relative 
to robust + no-MetS subjects were largest for possible-sarcopenia + pre-MetS subjects. Many of these indices 
showed monotonically increasing or decreasing trends in the four subgroups. There were significant differences 
between robust + no-MetS subjects and possible-sarcopenia + pre-MetS subjects in C5, CV2–CV10, P1, P2, P5, 
P3_SD, and P5_SD.

Figure 7a and Table 3 present the results of the ML analysis in classifying the subjects into robust and possible 
sarcopenia. The accuracy and AUC were highest for LDA. The mean accuracy, sensitivity, specificity, and AUC 
for LDA were 70.28%, 0.69, 0.77, and 0.70, respectively.

Figure 8 presents the confusion matrix for evaluating the performance of using the new scoring system in 
classifying the subjects into robust and possible-sarcopenia groups. The accuracy, sensitivity, specificity, and 
AUC for LDA were 83.5%, 0.85, 0.82, and 0.83, respectively. This is better than the performance found when 
the using LDA.

Figure 9 shows that HR_CV did not differ significantly between robust and possible sarcopenia. Figure 7b and 
Table 4 present the results of ML analysis of discrimination between robust + no-MetS vs possible sarcopenia. 
Among the eight methods, LDA had the highest accuracy and AUC. The mean accuracy, specificity, sensitivity, 
and AUC for LDA were 74.97%, 0.71, 0.74, and 0.77, respectively.

Discussion
This study found that some of the analyzed spectral BPW indices differed significantly between subjects with 
possible sarcopenia (dynapenia + presarcopenia + sarcopenia) and robust subjects. The differences relative to 
robust subjects were largest for subjects with combined possible sarcopenia and pre-MetS. The results obtained 
in the ML analysis (LDA) and from the self-developed scoring system indicated that these differences can be 
used to aid the discrimination of possible sarcopenia.

Figure 2.   Comparisons of BPW harmonic indices among robust, dynapenia, presarcopenia, and sarcopenia: 
Cn, CVn, Pn, and Pn_SD. Data are mean and SD values. C5–C10 values have been multiplied by 10 to make the 
differences clearer. “ ” indicates p < 0.05.
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Comparison in pulse indices.  It has been suggested that sarcopenia is associated with vascular lesions and 
poor microcirculation10. For example, the capillary density in skeletal muscle has been found to be low in sed-
entary older adults with sarcopenia6. Significant positive correlations were found between skin perfusion pres-
sure and appendicular muscle mass10. PAD can result in decreased blood flow to the lower extremities, with the 
underlying pathophysiology characterized by metabolic and structural myopathic changes in skeletal muscles11. 
Decreases in muscle mass and strength were associated with endothelial dysfunction. Risk factors for atheroscle-
rosis (BP and cholesterol) were noted to be significantly higher in sarcopenia; decreased skeletal muscle mass is 
an independent risk factor for arteriosclerosis vascular disease8.

Figure 3 indicates that the amplitude proportions differed significantly between possible-sarcopenia and 
robust subjects, with all Cn values being significantly smaller in possible sarcopenia. This illustrates that the BPW 
can be changed by the effects exerted by sarcopenia on the vascular elastic properties, and hence partly account 
for the mechanisms that allow Cn indices to be utilized in the discrimination of sarcopenia.

It is possible that the decreased Cn values are related to decreased transmission efficiency of frequency 
components within the BPW induced by sarcopenia. The factors underlying the pathogenesis of sarcopenia 
include low physical activity and increased oxidative stress and inflammatory factors, which have been noted 
to induce changes in the arterial stiffness and promote atherosclerosis2. Inflammation and oxidative stress have 
been suggested to be the two most important factors underlying the common pathogenesis of sarcopenia and 
atherosclerosis8. Long-term systemic chronic inflammation is involved in CVD and sarcopenia in the elderly8. 
For example, inflammatory factors such as tumor necrosis factor and interleukin-6 are essential catabolic fac-
tors that can stimulate protein catabolism, inhibit muscle synthesis, and promote muscle atrophy. Interleukin-6 
is negatively associated with muscle mass and strength8. Oxidative stress is a common mechanism in many 
age-related diseases, and is crucial to the pathogenesis of both CVDs (e.g., hypertension and atherosclerosis) 
and sarcopenia8. Reactive oxygen species can affect muscle protein synthesis, enhance the hydrolysis of muscle 
protein, and lead to sarcopenia. Plasminogen activator inhibitor-1 can induce fibrinolysis abnormalities, which 
may lead to CVD via dysregulation of vascular clotting, endothelial dysfunction, and metabolic abnormalities1.

Figure 3 also reveals significant differences in Pn values between possible-sarcopenia and robust subjects. 
The amplitude and phase angle are two main indices that can be calculated using spectral analysis from a time-
domain waveform. Since they are linearly independent of each other, Pn values can not only provide another set 
of indices to describe the BPW waveform in more detail, but can also be used to increase the number of features 
when performing ML analysis. The physical meaning of Pn is related to the time delay to the onset point and it 

Figure 3.   Comparisons of BPW harmonic indices between robust and possible sarcopenia 
(dynapenia + presarcopenia + sarcopenia): Cn, CVn, Pn, and Pn_SD. Data are mean and SD values. C5–C10 
values have been multiplied by 10 to make the differences clearer. “ ” indicates p < 0.05. Cn values were all 
significantly smaller in possible-sarcopenia subjects than in robust subjects. CV3–CV10 were larger in possible-
sarcopenia subjects than in robust subjects (significant except for CV4 and CV7). P1–P3 and P5 were significantly 
smaller in possible-sarcopenia subjects than in robust subjects. There were no significant differences in Pn_SD.
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can be correlated with the wave propagation velocity of each frequency component within the BPW, and hence 
it could be useful as another index for evaluating changes in vascular elastic properties.

Figure 3 shows that Pn values were smaller for lower-frequency components (P1–P6; significantly in P1, P2, 
P3, and P5) in possible-sarcopenia subjects than in robust subjects, which leads to relatively larger phase-angle 
values for the higher-frequency components. The main (lower-frequency) frequency components constituting 
a larger proportion of the total BPW power could be more related to the pulse transmission in the main artery, 
and the higher-frequency components could be more related to the pulse transmission in the peripheral arteries. 
It is possible that the higher stiffness of peripheral arteries in possible sarcopenia make the higher-frequency 
components within the BPW transmit along the artery more rapidly, hence leading to their larger Pn values.

Comparisons of pulse variability indices.  Cardiovascular variability analysis has been widely applied 
to monitor the regulatory activities of the cardiovascular system induced by external stimulation or the physi-
ological effects of diseases. For example, analyses of HR and BP variability have been used to investigate changes 
related to diseases and aging23–25. Similarly, variability of frequency-domain BPW indices (CVn and Pn_SD) can 
be used to monitor the regulatory efforts induced by changes in the blood flow or vascular stiffness condition21,22.

Figure 3 indicates that CVn values were larger for higher-frequency components (CV3–CV10; significant except 
for CV4 and CV7) in possible-sarcopenia subjects than in robust subjects. This could be at least partly attributed 
to the following three mechanisms: (1) sarcopenia can be accompanied with impairment of the blood supply 
to the peripheral vascular beds, which could increase the regulatory efforts needed for peripheral vessels such 
as when restoring normal blood perfusion, and hence increase the instability of pulse indices; (2) sarcopenia-
induced effects such as dysregulation of vascular clotting, endothelial dysfunction, and metabolic abnormalities1 
can increase the instability of pulse indices; and (3) the worse blood supply to peripheral vessels makes it more 
difficult to radially distend the vessel and hence decrease the pulse pressure, which can reduce the signal-to-noise 
ratio of the pulse signal and thereby lead to instability of pulse indices.

The findings in Fig. 9 indicate that HR_CV did not differ between possible-sarcopenia and robust subjects. 
HR_CV was calculated from the R–R intervals of the ECG signals; it is correlated with the regulatory activities for 
the heartbeat, and can have different physiological meanings from the present pulse variability indices since the 
latter might be more strongly correlated with the peripheral circulation. The present findings illustrate that even 
in the absence of a significant difference in the HR variability index, the pulse variability indices can still aid the 
discrimination of possible sarcopenia. The possible underlying mechanisms could be at least partly related to the 
effects of sarcopenia on the peripheral circulation, such as increased vascular stiffness and poor microcirculation.

Figure 4.   Comparisons of BPW harmonic indices in all subjects between with and without pre-MetS: Cn, CVn, 
Pn, and Pn_SD. Data are mean and SD values. C5–C10 values have been multiplied by 10 to make the differences 
clearer. “ ” indicates p < 0.05. Only CV4, CV6, and CV7 differed significantly between with and without pre-
MetS.
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Effects of pre‑MetS.  Figure 4 indicates that there were only a few significant differences between subjects 
with and without pre-MetS. The comparison of the robust and possible-sarcopenia subjects between those with 
and without pre-MetS shown in Fig. 6 indicates that the differences were more prominent—characterized by 
more indices with significant differences and larger differences in average values—for the pulse indices in sub-
jects with combined pre-MetS and possible sarcopenia than in the robust subjects.

Similar to sarcopenia, MetS could be associated with dysfunction and impairments of both the macro- and 
microcirculation18,26. Morphological and functional disorders of large vessels, endothelium-dependent dysfunc-
tion of the microcirculation, lower density of functional capillaries, and higher skin microcirculation resistance 
have been noted in MetS26. The decreased blood flow to the extremities can affect muscle mass and strength, 
which correspond to the definition of sarcopenia. It is possible that combined MetS and sarcopenia exerts larger 
effects on the peripheral circulation (perhaps including vascular and microcirculatory effects), hence resulting 
in more-prominent differences in pulse indices. Effects of PAD (which can affect the peripheral circulation) can 
accompany sarcopenia in decreased mobility and impaired PAD-specific mobility11. MetS is suggested to be 
associated with an increased risk of CVDs, and the present findings have demonstrated that pulse analysis can 
be used to monitor changes in vascular condition in sarcopenia combined with pre-MetS.

Discrimination by ML analysis and the new scoring system.  It is suggested that developing cost-
effective risk prediction models for sarcopenia in clinical settings is difficult9. ML analysis has been applied to 
automate CT segmentation to improve evaluations of muscle, bone, and adipose tissues5. ML analysis using 
medical records of human subjects as features (e.g., BMI, RBC count, WBC count, BUN, and primary diastolic 
BP) has achieved an AUC of around 0.89, which supports the possibility of using ML analysis in sarcopenia 
discrimination. The present study applied ML analysis to assess its utility in discriminating between possible-
sarcopenia and robust subjects. Figure 7a and Table 3 reveal that LDA had the highest AUC (0.70, which repre-
sents acceptable discrimination) among the eight ML analysis methods used in this study.

40 pulse indices were used as features in the present study. LDA is a dimensionality reduction algorithm, 
which can effectively save the operation cost in the case of large number of features. It is possible that the LDA 
transforms the features from high dimension to low dimension through mapping, makes the data differences 
between different categories greater, and reduces the distance between the data in the same categories, so that 
the data points after dimensionality reduction are easier to distinguish.

Figure 5.   Comparisons of BPW harmonic indices in all subjects with MetS factors. Cn, CVn, Pn, and Pn_SD. 
Data are mean and SD values. C5–C10 values have been multiplied by 10 to make the differences clearer. There 
were no any significant differences.
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We also developed a scoring system for discriminating between possible-sarcopenia and robust subjects. 
Figure 8 shows that this analysis method achieved an AUC of 0.83, which achieved excellent discrimination, 
and was better than the result obtained in the ML analysis. This can be compared with the result obtained in 
a previous study that used medical records as features9. We have demonstrated a time-saving and easy-to-use 
measurement and analysis method for sarcopenia discrimination.

Since the ultimate aim of this study was to improve the early screening of sarcopenia, our discrimination 
analysis was focused on possible sarcopenia (and also the effects of pre-MetS), which is a greater challenge than 
sarcopenia discrimination. An important limitation of the study was the relatively small number of sarcopenia 
subjects, since they were recruited during geriatric health checkups that mostly involved nonpatients. The acqui-
sition of data on more subjects might result in the two methods having similar discrimination performance, 
making it possible that future ML analyses will achieve higher AUC values in discriminating sarcopenia.

ML analysis was performed to discriminate between robust + no-MetS vs possible sarcopenia in Fig. 7b and 
Table 4. LDA had an AUC of 0.77, which is close to an excellent discrimination performance. This could be partly 
attributed to the effects on the vascular elastic properties, which can be induced by the pre-MetS and the pos-
sible sarcopenia. In practical application, the factor of pre-Mets can be known prior to the pulse measurement; 
therefore excluding the pre-Mets from the robust can help to further improve the discrimination performance 
and at the same time do not affect the application convenience of the of the present pulse measurement.

Conclusion
The findings of this study and the related conclusions to be drawn can be summarized as follows:

•	 Significant differences were found in several spectral indices of the BPW between possible-sarcopenia subjects 
(combining dynapenia, presarcopenia, and sarcopenia) and robust subjects.

•	 Threefold cross-validation results indicated excellent discrimination performance (AUC = 0.70 when using 
LDA, and AUC = 0.83 when using our scoring system).

•	 The differences relative to robust subjects were largest for subjects with combined possible sarcopenia and 
pre-MetS. When excluding the pre-Mets subjects from the Robust, LDA can achieve better performance with 
AUC = 0.77, which is close to excellent discrimination performance.

Figure 6.   Comparisons of BPW harmonic indices in robust and possible-sarcopenia subjects between 
with and without pre-MetS: Cn, CVn, Pn, and Pn_SD. Data are mean and SD values. C5–C10 values have been 
multiplied by 10 to make the differences clearer. “ ” indicates p < 0.05. There were significant differences 
between robust + no-MetS subjects and possible-sarcopenia + pre-MetS subjects in C5, CV2–CV10, P1, P2, P5, 
P3_SD, and P5_SD; many of these indices showed monotonically increasing or decreasing trends in the four 
subgroups. The differences in the pulse indices relative to the robust + no-MetS subjects were largest for possible-
sarcopenia + pre-MetS subjects.
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Figure 7.   Results of ML analysis (LDA) of BPW indices. (a) discriminating between robust and possible 
sarcopenia. (b) discriminating between robust + no-MetS and possible sarcopenia.
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Table 3.   Results of ML analysis (eight methods) of BPW indices for discriminating between robust and 
possible sarcopenia (dynapenia + presarcopenia + sarcopenia). The accuracy is in %. Values are for threefold 
cross-validation. Asterisks indicate the highest average value. Accuracy, sensitivity, specificity and AUC were 
all highest for LDA.

Accuracy SVM MLP GNB DT RF LR LDA KNN

1 53.40 61.06 49.04 53.92 59.08 58.44 71.56 55.95

2 62.21 64.56 53.46 56.42 64.56 60.73 67.65 59.05

3 57.21 55.55 51.23 56.97 61.71 55.24 71.64 60.11

Average 57.60 60.39 51.25 55.77 61.79 58.14 *70.28 58.37

Sensitivity SVM MLP GNB DT RF LR LDA KNN

1 0.34 0.45 0.39 0.4 0.45 0.42 0.66 0.39

2 0.4 0.53 0.34 0.56 0.44 0.43 0.55 0.32

3 0.47 0.61 0.42 0.62 0.65 0.45 0.64 0.48

Average 0.4 0.53 0.38 0.52 0.51 0.43 *0.61 0.39

Specificity SVM MLP GNB DT RF LR LDA KNN

1 0.73 0.77 0.59 0.67 0.73 0.75 0.76 0.73

2 0.78 0.73 0.68 0.56 0.8 0.73 0.76 0.79

3 0.64 0.5 0.57 0.52 0.58 0.62 0.76 0.68

Average 0.716 0.66 0.613 0.58 0.7 0.7 *0.76 0.73

AUC​ SVM MLP GNB DT RF LR LDA KNN

1 0.54 0.61 0.49 0.54 0.59 0.59 0.72 0.56

2 0.60 0.63 0.51 0.56 0.62 0.59 0.66 0.56

3 0.56 0.56 0.50 0.58 0.62 0.54 0.71 0.59

Average 0.56 0.60 0.50 0.56 0.61 0.57 *0.70 0.57

Figure 8.   Results of score analysis of BPW indices for discriminating between robust (0) and possible 
sarcopenia (1). The accuracy, sensitivity, specificity, and AUC were 83.5%, 0.85, 0.82, and 0.83, respectively. 
Score difference (score1-score2) > 0 indicates robust characterization; score difference < 0 indicates possible-
sarcopenia characterization.
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•	 The present noninvasive and easy-to-use measurement and analysis method (comprising ML analysis and the 
self-developed scoring system) for detecting sarcopenia-induced changes in the arterial pulse transmission 
condition could aid the discrimination of possible sarcopenia. The possible effects of other factors affecting 
the elastic properties of blood vessels should also be considered, which is an important work for our future 
research.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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