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ABSTRACT 

Head-up tilt (HUT) testing supports the diagnosis of syncope by detecting abnormalities in heart rate and blood pressure changes. Home-

based self-training can be of benefit to neurocardiogenic patients if during clinical HUT, heart rate decreases in the early stage of being 

in an upright position. However, HUT testing is not always possible in the hospital as it is inconvenient and sometimes even risky for 

patients with cardiac abnormalities as it may trigger a loss of consciousness and arrhythmia. To address this, the current paper introduces 

a personalized HUT simulation to determine the efficacy of at-home training. To develop the model, Holter ECG recordings were 

obtained from 28 syncope patients and the simulated output was compared to clinical findings. The model aims to predict heart rate 

changes associated with the simulated HUT that can indicate efficacy of an at-home program. Heart rate represents a variable of velocity 

in the model measured in liters per second against gravity. The results show that a decrease in heart rate in early simulated HUT as 

determined by the model shows a greater than 84% efficiency for syncope patients to benefit from at-home training and allows 

physicians to recommend home training during an online or telemedicine consultation. 

Keywords— head-up tilt test, syncope, blood flow, heart rate prediction 

 

Clinical Relevance— The cardiovascular model predicts the patient-specific efficacy of at home tilt-training for patients diagnosed with 

syncope. 

 

Introduction 

Patients suffering from recurrent syncope episodes are often assessed through a head-up tilt (HUT) test for abnormalities in 

heart rate variability (HRV) and blood pressure and to determine whether a prolonged standing posture at home is beneficial 

in reducing episodes of syncope1. The patient begins the test resting on a tilt-table in the supine position and then is gradually 

inclined to a maximum angle of 80◦ and at an average speed of 15◦ per second. The higher the degree of tilt, the more 

intense the effect of gravity is on causing blood to pool in the lower extremities. The reduced venous return causes a change 

in blood volume, which leads to a drop in blood pressure above the center of gravity (COG)4. Baroreceptors sense the 

decrease in blood pressure and activate a sympathetic response leading to an increase in heart rate. In healthy individuals 

the baroreceptors sense an increase in pressure which, in turn, then decreases heart rate and blood pressure. However, 

patients diagnosed with syncope experience a sustained increase in heart rate in the upright position5. Abe and his team 

proposed a prolonged standing posture as an at-home, orthostatic self-training exercise for patients with neurocardiogenic 

syncope. Results indicated recovery from syncope in 12 out of 28 patients within 24 ± 6 days, characterized by a decrease in 

heart rate in the early stage of the upright position1.  HUT testing is the most common method to diagnose and investigate 

syncope and presyncope. However, tilt testing presents risks to patients with structural and arrhythmic cardiac abnormalities 



such as loss of consciousness and arrhythmia. Only a few studies have investigated any type of modelling associated with 

HUT6,7. However, these models require more and complex variables that are not readily available to physicians for quick and 

efficient diagnosis. Moreover, the sample sizes for these studies are small and participants were all healthy.  

This paper introduces a novel personalized at-home simulated HUT (sHUT) heart rate prediction model with justification of 

the parameters and variables used in the generated model. The aim is to provide patients with a means of assessing the 

likelihood of an extended standing posture to be effective in decreasing syncopal episodes based on their 5-minute heart 

rate recording. The novelty of this study is given to the fewer parameters required to calculate a predicted HUT response. 

Results 

During HUT exercises, patients with higher starting heart rates tend to respond better to standing rehabilitation exercise1. 

The following results shown in Figure 1 indicate that syncope patients had overall higher average heart rates which implies 

that they would respond better to HUT rehabilitation respective to the control group.  

 

 

Figure. 1. Average starting heart rates corresponding to the control group and syncope group. 

 

Figure 2 pertains to the calculated personalized predicted efficacy of the orthostatic self-training rehabilitation exercise 

proposed in Abe etal. 1 for syncope patients. This efficiency was calculated by calculating the heart rate decreases between 

the 10-minute intervals from the 24-hr Holter readings. The heart rate decreases in bpm found for the syncope, presyncope, 

and palpitation groups were 30.3±1, 12.9±3, and 21.3±5 respectively. The results suggest that 26 of the 28 patients would 

benefit from the at-home program with percentage likelihood above 85%. One other patient result of 84.6% may also 

indicate a good candidate, whereas the patient with the next best likelihood of 72.4% of successful outcome with the 

orthostatic self-training exercise may derive less benefit.  
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Figure 2. Efficacy Percentage for control group and syncope group. 

A decrease in blood flow of -254.31 ml/min was calculated using Eqn. (5) for the early stage of the sHUT test indicating that 

blood flow decrease may be an imperative factor in predicting stand up training and rehabilitation outcomes for syncope 

patients. The average heart rate decrease found over the 10 minute intervals over the 24-hour Holter data was also 

calculated for the 28 syncope and 20 palpitations patients. The heart rate decrease was then used to observe patient specific 

rehabilitation efficacies with a higher decrease in heart rate indicating a higher rehabilitation efficacy rate.  

Discussion 

 

In this study, average, instead of exact, values of lower body height and total peripheral resistance were used to develop the 

model as these variables were not available in our clinical data for each participant1. Direct afferents such as blood volume 

and pressure were not modelled. Heart rate was predicted based on gravitational force impact and blood flow decrease for 

syncope patients as part of the simulated HUT. Our model can then be applied to predicting efficacy of the at-home 

orthostatic training outcome as suggested by Abe and colleagues.1  

 

Blood flow and heart rate correlation 

The differences in the decrease in blood flow calculated for the early stage of the simulated HUT test between the syncope 

and palpitation groups indicated that the model provided results as expected from a clinical HUT. As the model depends on 

blood flow as its main factors, it  suggests that a blood flow decrease is an important factor in predicting rehabilitation 

outcome of syncope patients. Assuming a recovery by syncope patients after a decreased blood flow is observed in the early 

stage of the upright position during the sHUT test may be justified by the slower pooling of blood in the legs. If blood flow 

decreases early on during the sHUT test, blood would not flow as fast as it normally would to the legs with the onset of 

gravity and lead to slowing the effects gravity during the sHUT test for some syncope patients. The proposed sHUT model 

has the advantage that patients with different etiologies can determine their HUT results from the model at home on a daily 

basis from a 5 minute heart rate recording. Clinically ECGs have not been useful as even during Holter monitoring of 24 

hours, syncope events may not occur2. Prolonged standing or HUT testing in hospital can also be avoided by using the sHUT 

model and thus reducing risk of vasodepressor type neurally mediated syncope (VT-NMS)3. 
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Analysis of efficacy percentage and heart rate changes 

 

The results obtained from the model show the patient-specific heart rate decrease needed for his or her blood flow to 

decrease parallel to that of patients from experiments discussed in 1. The personalized predicted efficacy found through 

comparing patient heart rate results from the sHUT with the heart rate decrease of successfully recovered syncope patients 

from 1, we found that the syncope group demonstrated much higher efficacies averaging approximately 85%, whereas the 

control group averaged approximately 65% indicating that our model is specific for characteristics of heart rate changes 

associated with syncope patients. This could prove that at-home orthostatic self-training exercises can be beneficial for some 

syncope patients compared to patients with palpitations that were used as the control group. The higher overall efficacy 

seen in the syncope group can be understood as the possible success of the model. Moreover, a similar trend is seen when 

observing the decrease in heart rate results across the two groups. The model indicated a relatively higher decrease in heart 

rate (~30 bpm) averaged over the first, third, and fifth minute during the sHUT exercise in the syncope group , further 

confirming the possible efficacy of the proposed home training based on our model in line with the criteria outlined in 1. The 

palpitation group (control) showed a lesser decrease (~23 bpm) compared to the syncope group. This indicates that the HUT 

exercises are more likely to be of benefit for the syncope patients.  

 

The Syncope group presented a similar decrease in their average heart rate over 5-minute intervals of a 24-hour Holter 

recording with an average reading of 30.5 bpm. However, some patients did not fit the model. Patient 2M5h5-1 stood as a 

minor outlier with a heart rate decrease of 4 bpm from the upper bound. The control groups also had a relatively lesser 

decrease in the average HR at 23 bpm. Patient 7K8d5-3 was the only outlier present in the control group with a decrease of 

4 bpm deviation from the lower bound. The one outlier in the syncope group could point to the possibility that patient 2M5h5 

may have a presyncope or possibly present with palpitations as the control group was defined by presence of palpitations. 

It could also mean that there are other underlying conditions that this patient is experiencing which may directly affect their 

results. The patient’s diagnosis is being reviewed to ensure whether a HUT test is safe and efficient for this patient. Finally, 

patient 7K8d503 presented as an outlier in the control group and could possibly be classified as presyncope. Considering the 

extremely small heart rate decrease retrieved by this model, it is possible that the patient may be experiencing episodes of 

presyncope, leading to results at the opposite end of the spectrum relative to that seen for the average syncope patients in 

this study. The at home orthostatic self-training exercise duration of 30 minutes twice daily for 30 days can be adjusted in 

order to provide a more personalized and efficient program for distinctive syncope patients. This model may also potentially 

help to understand whether a syncope has different underlying pathophysiology that affects HUT test outcomes and lead to 

better potential treatment outcomes. 

 

Having heart rate as the only input for this model is recognized as this study’s limitation since the output is reduced to 
sympathetic regulation efficiency. Future work leaves room for more extensive analysis on the effects and manipulations 

this model introduces to the patients’ ECG signals and respective HRV analysis. Moreover, this study can extend its variables 
to observation of time-specific measurements (e.g. early morning measurements) to observe the effect rehabilitation could 

have on syncope at different times of the day. It would also be worthwhile to extend this model to include blood pressure 

as a parameter in order to measure the capabilities of the current model and judge whether blood pressure is a more 

effective parameter for this simulation. Additionally, future studies may observe the applied efficacy of HUT exercises on the 

current patients included in the study to further confirm this model’s accuracy. To enhance the model’s specificity, future 
alterations can also be made to add more sensitive input variables including resistance pressure from arteries and veins in 

both the upper and lower compartments of systemic circulation in the body. This could also potentially extend the model’s 
use to classification and diagnosis of syncope which would reduce the burdens presented by HUT. 



Simulated Head-Up-Tilt Model 

HUT testing has been an essential part of a clinical review for vasovagal or cardiogenic syncope. HUT has been necessary in 

the diagnosis of vasovagal syndrome because there has been no found difference found between the heart rates and stroke 

volumes of healthy patients and syncope patients11. However, this predictive mathematical approach picks up heart rate 

trends to simulate the predicted HUT response for patients with an ultimately proven accuracy of syncopal behaviors. As 

compared to the previous mathematical HUT models7,8, this study uses less parameters for sHUT calculation. Previous models 

require left and right ventricular interaction and blood volume, and blood pressure. These parameters are not always readily 

available for quick diagnosis. With less parameters, physicians would find more efficiency in predicting syncope in patients 

in order to begin earlier treatment methods. Moreover, unlike the previous studies, this study has used data from three 

distinct groups: syncope, presyncope, and palpitations (control). Former mentioned studies have only studied models on 

healthy patients of smaller sample sizes. This allows the proposed model a more accurate analysis of results and precision. 

 

The objective of this model was to construct a simple model that are limited to essential elements. This allows for a clearer 

and focused observation on the specific system dynamics that are studied. This model may potentially be manipulated to 

diagnose patients with syncope using Holter data as an alternative to HUT tests for diagnosis in future work. This could 

possibly eliminate the unwanted side-effects that pertain to the HUT test experienced by patients. It may also be further 

studied to be used as an indicator of underlying conditions in syncope and palpitation conditions. 

 

Methods 

 

Patient data 

Data were collected at the Wangaratta Cardiology and Respiratory Centre in Australia from a group of 28 syncope patients 

and 20 palpitation patients, which were taken as a control group. All data were de-identified and an ethics approval was 

obtained from the Charles Sturt Human ethics Committee under approval number H18161.  All methods were also performed 

in accordance with the relevant guidelines and regulations. All participants underwent an information session and informed 

written consent was obtained from all participants. The study included 29 females (17 syncope patients) and 19 males (11 

syncope patients) with 43% of the cohort above 60 years of age, the oldest patient being 92 (syncope patient) and the 

youngest 20 years old (control group).  

Modelling 

 

The model uses the heart as the main compartment with heart rate as the velocity (quantified by Bernoulli’s principle) and 
the total peripheral resistance as an inversely related component to blood flow to allow for lack of direct measures of blood 

volume and blood pressure. Moreover, the average lower body height was considered. The tilt angle used in this study is the 

upright position in order to be parallel with the angle used in1. The sHUT test simulation and heart rate change is predicted 

from ECG data retrieved from 5-minute intervals taken every 10 minutes from 24-hour Holter recordings. 

The current sHUT model further predicts efficacy of an at-home program for reducing syncope based on the heart rate 

results determined from the simulated HUT test with sparse input data. The data for the model included heart rate change 

of healthy individuals following sHUT, which is then retrofitted into the model to determine the resulting blood flow and 

initial heart rate to predict the patient-specific heart rate decrease based on 1.  The output of the model is then compared 

to results presented in 1. The remaining input variables are constants and include gravitational acceleration, blood density, 

and peripheral resistance.  



 

ECG data and HRV analysis 

The raw ECG data was preprocessed using the Librow MATLAB code 10 for ECG filtering via fast Fourier transform (FFT) to 

remove lower frequencies with a threshold for frequencies under 4 Hz. 

Mathematical Model 

This section explains the proposed cardiovascular model to find the approximate blood flow of each patient during the at-

home sHUT. This model is based on the rehabilitation data from the paper by Abe et al.1, which showed the desired heart 

rate decrease in the upright position (80◦) required for the optimum at-home rehabilitation program outcome. In our model 

the heart rate was derived from the approximate blood flow: 

• Derivation of Darcy’s law for volumetric flow 

Darcy’s law describes the relationship between flow Q in ml/s, pressure difference over a tube (p1 − p2) and total peripheral 

resistance r7 given as: 

 

𝑄 = 𝑘𝑎 ℎ1−ℎ2𝑙  𝑜𝑟 𝑞 = 𝑄𝑎 =  −𝑘 𝑑ℎ𝑑𝑙 ,        (1) 

where: 

 k(ml/m2s) is the hydraulic permeability, h(m) is the height of elevation or hydraulic head with h = p/(ρg) + z, z(m) is the 

elevation at the bottom  a(m2) is the area, and l(m) is length. 

Using a linear relationship analogous to Ohm’s law, the volumetric flow q (ml/m2s) between compartments in cardiovascular 

regulation can be computed as in Eqn. (2):  

 

𝑞 = 𝑝𝑜𝑢𝑡−𝑝𝑖𝑛𝑟       (2) 

 

• Heart rate quantified by Bernoulli’s Principle 

In fluid dynamics, Bernoulli’s principle relates velocity, pressure, fluid elevation, and fluid density (accounting for internal 

friction) shown in Eqn. (3)9:   

 

12 𝜌𝑣12 +  𝜌𝑔ℎ1 + 𝑝1 = 12 𝜌𝑣22 +  𝜌𝑔ℎ2 + 𝑝2             

 (3) 

Eqn. (3) explains that the mechanical energy of a flowing fluid that exerts kinetic energy, gravitational potential energy and 

fluid pressure remains constant. By rearranging Eqn. (3) (Appendix A.), the final velocity can be calculated as: 

 



    v1 =  √v22 + 2g(h2 − h1) + 2ρ (p2 − p1)                     (4) 

 

 

where: 

 v1 is the velocity at elevation 1, p1 is the pressure at elevation 1 based on Bernoulli's Equation, h1 is the height of elevation 

1, p2 is the pressure at elevation 2, v2 is the velocity at elevation 2, h2 is the height of elevation 2, ρ is the density of the fluid, 

and g is the acceleration due to gravity. 

When considering the heart as a dynamic system, the velocity pertains to the heart rate. Therefore, in this model, pressure 

(blood pressure) will be substituted with velocity (heart rate), allowing for heart rate to be the main input for the model, 

which matches the data from1. 

• Modelling HUT 

HUT response has previously been modeled by taking the hydrostatic pressure (blood pressure) into account6. However, the 

current model aims to replace pressure with heart rate as velocity (as derived previously) to simulate the HUT response as 

pressure is not available. Tilt angle setting is variable in the model and set at 80 degrees complying with HUT standards.  

The relationship between physics and physiology is that the gravitational impact of HUT on the patient causes blood to pool 

in the lower extremities. The pressure thus increases below the center of gravity and increases above it. Therefore, gravity 

is considered and added to the flow equation. This fits naturally into the gravitational potential energy factor at specific 

elevations in Bernoulli’s equation. This flow equation is presented in a SIMULINK model in Figure 3. The calculated 

gravitational effects and the modified flow equations are shown as Eqn. (5) and Eqn. (6): 

 

     𝑞 = 𝜌𝑔ℎ𝑠𝑖𝑛𝜃(𝑡) + 12𝜌(𝑣22−𝑣12)𝑟                                  (5) 

 

 

The inverse solution equation is then given by: 

𝑣2 =  √2𝑟𝑞𝜌 − 2𝑔ℎ𝑠𝑖𝑛𝜃(𝑡) + 𝑣12             (6) 

 

where: 

 

q is the blood flow, ρ (kg/m3) is the blood density, 𝜃(𝑡) is the tilt angle (in radians), 𝑣1 (l/s)is the heart rate before training in, 𝑣2 is the heart rate after training, g (m/s
2
) is the constant of gravitational acceleration, h (m) is the absolute patient height, 𝜌𝑔ℎ 𝑠𝑖𝑛𝜃(𝑡) represents the hydrostatic pressure between the lower and upper body parts. 
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Figures

Figure 1

Average starting heart rates corresponding to the control group and syncope group.



Figure 2

E�cacy Percentage for control group and syncope group



Figure 3

Simulink model for Eq 6
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