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Abstract 
Heart failure is the end stage of many cardiovascular diseases, such as hypertension, coronary 
heart disease, diabetes mellitus, etc. Around 5.8 million people in the United States have heart 
failure and about 670,000 people are diagnosed with it each year. In 2010, heart failure will cost 
the United States $ 30.2 billion, and the cost of healthcare services is a major component of this 
total. With the resultant burden on health care resources it is imperative that heart failure patients 
with different risk stages are identified, ideally with objective indicators of cardiac dysfunction, in 
order that appropriate and effective treatment can be instituted. 

Cardiac power output (CPO) is defined as the product of mean arterial blood pressure (MBP) and 
cardiac output (CO), and CPO measured during peak dynamic exercise (i.e. peak CPO) has been 
shown as a powerful predictor of death for heart failure patients. However, so far there has been 
no existing device which directly measures CPO, and CPO is acquired from simultaneous 
measurement of MBP and CO. Further, simultaneous MBP and CO measurement during dynamic 
exercise is a challenge for current BP and CO methods. Therefore, there is an urgent need to 
develop new devices which are folly wearable and unobtrusive for monitoring of CPO during 
dynamic exercise. Since the core problem in most wearable devices is how to estimate the target 
cardiovascular parameter, e.g. CPO in this study, through physiological signals measured from 
body surface, this thesis focus on developing a direct measurement technique of CPO in dynamic 
exercise using multiple physiological signals measured on body surface，specifically, 
electrocardiogram (ECG) and photoplehtysmogram (PPG). 

Recently, a wearable measurable parameter, pulse arrival time or PAT, has been developed for BP 
measurement. PAT is the time delay from the R peak of ECG to the systolic foot of PPG PAT 
consists of two timing components, the pre-ejection period (PEP) of the heart and pulse transit 
time (PTT). PTT is related to BP by an arterial elastic model and thus can be used to estimate 
beat-to-beat BP. However, PTT is difficult to be measured through a wearable device, and thus 
PAT is usually used as a surrogate of PTT for BP estimation, under the assumption of a constant 
PEP. However, PEP is not a constant but changing with physiological conditions, which may alter 
the PAT-BP relationship. Thus, it is important to clarify the PAT-BP relationship and address the 
feasibility of MBP estimation using PAT during dynamic exercise. 

In this thesis, a model based study is conducted to address the above problem. Firstly, we deduced 
the mathematical expression of PEP as a function of DBP by introducing the arbitrary heart rate 
into the exponential mathematical description of a pressure-source model. Secondly, an 
asymmetric T-tube model was modified by introducing a nonlinear pressure-volume relationship 
where PTT was expressed as a dependent variant of BP. Thirdly, we proposed the mathematical 
equation between PAT and BP by coupling the modified ventricular and arterial models. Then, the 
relationships between PAT with systolic blood pressure (SBP), MBP and DBP were simulated 
under changing heart contractility, preload, heart rate, peripheral resistance, arterial stiffiiess and a 
mimic exercise condition. The simulation results indicated significantly high and negative 
correlations between PAT and SBP and between PAT and MBP whereas the correlation between 



DBP and PAT was low. 

Next, we developed a novel CO index, namely pulse time reflection ratio (PTRR), expressed in 
terms of MRP and mean aortic reflection coefficient (r(0))’ from the modified asymmetric T-tube 
model. PTRR was further expressed in terms of PAT and inflection point area (EPA), a surrogate of 
r(0) from the shape feature of PPG. The simulation results suggested significantly and positive 
relationship between PTRR and CO and between IPA and r(0) during dynamic exercise. 

In order to verify the theoretical findings, two experiments were carried out. One was incremental 
supine bicycle exercise conducted on 19 young healthy subjects and the other was incremental to 
maximum supine bicycle exercise conducted on 65 subjects, including heart failure patients, 
cardiovascular patients and healthy elderly. PAT showed significantly high and negative 
correlation with SBP and MBP, but lower correlation with DBP. PTRR showed significantly high 
and positive correlation with CO. 

Finally, based on the theoretical and experimental verifications, linear prediction models were 
proposed to estimate MBP from PAT and estimate CO from PTRR. The results showed that PAT 
can estimate MBP with a standard deviation of 7.42 mmHg, indicating PAT model has the 
potential to achieve the accuracy required by AMMI standard (mean error within, ± 5 mmHg and 
SD less than 8 mmHg). The results also showed that PTRR can estimate CO with a percent error 
of 22.57%, showing an accuracy which was considered as clinically acceptable (percent error less 
than 30%). “ 

To summarize, the original contributions of this thesis are: 

1. An explicit mathematical description of PEP in terms of DBP was proposed, which in the first 
time quantitatively clarified the ventricular and arterial effects on PEP timing. 

2. A nonlinear pressure-volume relationship which reflected the natural arterial wall properties 
was introduced into the asymmetric T-tube arterial model, which effectively and quantitatively 
described the effect of pulsatile BP on arterial parameters, e.g., compliance, PTT etc. 

3. A mathematical relationship between PAT and BP was firstly proposed as a result of the 
heart-arterial interaction, which simulated a significantly strong and negative relationship 
between PAT and SBP and between PAT and MBP but a much weaker negative relationship 
between PAT and DBP during exercise. The hypothesis was supported by the experiment data. 
To our knowledge，it is the first study describing the quantitative relation of PAT and BP by 
both model-based study and experimental data. 

i 

4. A novel wearable measurable CO parameter, PTRR, was proposed and it successfully showed 
a significantly high and positive correlation with CO during exercise both in. model simulation 
and in the experiments. 

5. Linear prediction models using PAT to estimate MBP and using PTRR to estimate CO were 
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proposed and evaluated in two exercise experiments conducted on 84 subjects with different 
ages and cardiovascular diseases. Results showed the proposed method could achieve the 
accuracy required for medical diagnosis. 

6. Taken the findings in 3, 4 and 5 together, this study in the first time provided both the 
theoretical basis and experimental verifications of 
measurement technique of CPO in dynamic exercise 
measured on body surface. 

developing a wearable and direct 
using multiple physiological signals 
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摘要: 

心力衰竭，简称心衰，是髙血壓、冠心病和糖尿病等多種心血管疾病的終末期。美國有大約 

580萬心衰患者，而每年，有67萬人被診斷患有心衰。2010年，美國用在心衰上的相關費 

用預計將達到302億，其中的很大比重將用於心衰患者的醫療監護。為了減輕醫療監護的沈 

重負擔，迫切需要針對不同危險級別的心衰患者釆用相宜的治療監護手段，而首要的，要通 

過心血管功能參數評定心衰患者的危險級別。 

心臟輸出功率定義為平均動脈血壓和心輸出量的乘積。多項研究表明，運動下的極限心臟輸 

出功率能夠區分心衰患者的危險級別，預測心衰患者的死亡。然而，到目前為止，心臟輸出 

功率尚未能夠通過一種儀器單獨測量，而需要通過同步的血壓測量和心輸出量測量計算獲 

得。另一方面，現有的血壓和心輸出量測量設備由於體積龐大，無法實時測量等問題，很難 

實現運動狀態下的同步精確測量。因此，目前急需開發集成化、穿戴式的新型測量設備，用 

於直接測量動態心臟輸出功率。對於多數穿戴式測量設備而言，其核心技術在於如何建立待 

測的心血管參數與穿戴式可測量的各體表生理信號之間的關系。因此，本論文致力於研究一 

種通過體表可測的各種生理信號，具體的為心電信號和光電容積描記信號，直接估測運動狀 

態下心贜輸出功率的方法。 

近年來，基於脈搏波到達時間（PAT)的穿戴式可測量參數被廣泛應用於血壓估測。PAT定 

義為從心電信號R波到光電容積描記信號上升沿起始點之間的時間間隔。它由兩個時間分量 

組成：心臟等容收縮期（P E P )和脈搏波傳輸時間（P T T ) �其中，P T T可通過動脈彈性模型 

與血壓建立相關關系，從而用於血壓的逐拍估測。但是，PTT很難通過穿戴式儀器測量得到， 

因此，在很多血壓估測場合，PEP被假定為不隨時間變化的常數，而PAT則作為PTT的近似 

值，用於估測血壓。然而，相關研究表明PEP並非常數，而會隨實際生理狀態的改變而變化， 

進而導致PAT與血壓關系的改變。因此，弄清PAT與血壓的真寳關系，進而探討PAT在運動 

狀態下測量平均血壓的可行性研究，顯得尤為重要。 

本論文通過建立心血管系統生理模型來探尉上述問題。首先，本研究通過引入心率參數，修 

正了基於指數函數關系表達的左心室血壓源模型的數學公式，推導出了 PEP與動脈舒張壓之 

間的顯性數學公式。第二步，本研究在傳統非對稱T管動脈模型中導入了符合真實動脈壁力 

學特性的非線性血壓-容積變化關系，從而將T管模型中的PTT等常數參量表達為隨血壓變 

化的函數。第三步，通過修正後的心室模型和動脈模型的動態稱合，建立了血壓和PAT之間 

的定量數學關系，並通過計算機仿真，研究了外周阻力、動脈順應性、心率、心肌收縮力、 

前負荷的變化，特別是模擬運動狀態中的各參數變化對PAT與血壓之間關系的影響。參數化 

分析的仿真結果顯示：在運動狀態下，PAT與收縮壓、平均血壓的變化呈現高度負相關關系， 

而與舒張壓的負相關關系較弱。 

下一步，本研究基於非對稱T管動脈模型提出了一種新的心輸出量測量參數，定義為傳導時 

間反射比（PTRR)，表征為與平均血壓和主動脈平均反射系數相關的動態參數。進一步的， 

利用PAT與血壓的逆線性關系，PTRR可被表達為PAT和IPA的函數。其中，IPA定義為拐點 

面積比，是從光電容積描記信號提取的波形特征參數。計算機仿真結果顯示，在模擬運動狀 

態下，PTRR與心輸出量之間、IPA與主動脈平均反射系數之間，均具有顯著的正相關變化趨 

勢。 



為了驗證理論模型的相關結果，我們設計了兩組臨床運動實驗。實驗一為人體仰臥姿態下的 

漸進式腳踏車運動實驗，實驗對象為19名健康年輕成年人。實驗二為人體仰臥姿態下的漸 

進至最大強度腳踏車運動實驗，實驗對象為包括心衰患者、心血管病患者和健康老年人三個 

對比組在内的65人。在兩組寳驗結果中，PAT與收縮壓、平均血壓的變化呈現高度負相關 

關系，而與舒張壓的負相關關系較弱。PTRR與心輸出量呈現高度正相關關系。 

最後，基於理論模型和實驗驗證的相關結果，本研究提出了一種線性預測模型以實現利用 

PAT和PTRR分別預測運動狀態下的平均血壓和心輸出量。臨床實驗結果顯示，通過PAT預 

測的平均血壓與標準平均血壓值之間的標準差為7.42 nunHg,達到了 AMMI血壓測量國際標 
準（誤差均值在±5 mmHg之間，標準差小於8 mmHg)�通過PTRR預測的心輸出量與標準心 

輸出量測量值之間的百分數誤差為22.57%，達到了公認的臨床精度要求（百分數誤差小於 

30%)� 

綜上所述，本論文的主要創新貢獻在於： 

1 . 建 立 了 PEP與舒張壓之間的顯性數學公式，首次量化描述了心室和動脈相關參數對PEP 
的影響。 

2.通過引入非線性血壓-容積變化關系，在傳統非對稱T管動脈模型中引入了血壓變化對 

動脈壁相關參數的影響，如動脈順應性，FIT等，有效建立了動脈模型中血壓和PTT的動態 

變化關系。 

3 .建立了新的心臟動脈稱合模型，首次提出了 PAT和血壓之間的數學關系，並仿真得出： 

在運動狀態下，PAT與收縮壓、平均血壓的變化呈現高度負相關關系，而與舒張壓的負相關 

關系較弱。該結果在隨後的臨床運動實驗中得到了有力驗證。就我們所知，本研究首次從心 

臟動脈親合模型和臨床實驗雙重角度定量描述了 PAT和血壓之間的關系。 

4 .本研究提出了一種新型的穿戴式可測量心輸出量參數（F T R R ) �該參數在模型仿真結果 

和相關臨床運動實驗中均與心輸出量呈現顯著的正相關關系。 

5 .本研究提出了一種線性預測模型以實現通過PAT和PTRR分別估測運動狀態下的平均血 

壓和心輸出量，並設計臨床實驗，在不同年齢段和患病情況的84個測試對象上對該方法的 

準確性進行了評估,結果表明該技術所依測的平均血壓和心輸出量均有望達到臨床診斷所要 

求的精確度。 

6 .總結 3 � 4 � 5部分的工作，本研究通過理論模型研究和臨床實驗驗證，創新性地提出了 

一種通過穿戴式可測的心電信號和光電容積描記信號直接估測運動狀態下心臟輸出功率的 

方法，為進一步開發集成化、穿戴式的心臟輸出功率新型測量設備奠定了理諭基礎和實驗基 

礎。 
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contractility (c), preload {Vd), heart rate {HR), peripheral resistance {R), arterial stif&iess {C^) and 
exercise condition {Exercise) 102 
4.7 Reference CO and CO estimated from PTRR with variant Ẑ  and PTRR with constant Zc 
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Chapter 1 

Introduction 
1.1 General background 
Heart failure progressively occurs when the heart muscle becomes weakened and loses its ability 
to pump enough blood and oxygen to supply the body needs. Different from other cardiovascular 
diseases, heart failure is not a single disease, but the end stage of many cardiovascular diseases, 
such as hypertension, coronary heart disease, diabetes mellitus, etc. [1]. Around 5.8 million people 
in the United States have heart failure and about 670,000 people are diagnosed with it each year 
[2]. About one in five people who have heart failure die within one year from diagnosis. Heart 
failure was a contributing cause of 282,754 deaths in 2006 [2]. 

An effective indicator to predict the modality of heart failure patients would be invaluable in 
formulating the management plans in these patients. Many studies published in the 1990s have 
shown peak oxygen consumption (peak VO2) to be a significant independent predictor of mortality 
[3-5]. Based on these studies, American Heart Association consensus reports have recommended 
that peak VO2 be used to help determine the timing of heart transplantation in ambulatory patients 
with chronic heart failure [6]. However, later studies revealed that peak VO2 can be influenced by 
non-cardiac factors such as muscle conditioning, motivation, age and gender [7’ 8]. Therefore, 
research groups have been trying to find other variables as predictors of outcome. 

Several investigators have shown cardiac work related performance to be prognostically superior 
to peak VO2 in the evaluation of patients with congestive heart failure, using indexes such as peak 
stroke work index [9] and cardiac output response to exercise [10]. However, it must be 
remembered that heart generates pressure as well as flow. A number of groups have shown the 
prognostic importance of the pressure generating ability of the heart and have concluded peak 
exercise blood pressure to be independent predictive of prognosis [11-14]. The incorporation of 
pressure into exercise haemodyamic assessment is therefore crucial. Cardiac power output (CPO) 
is defined as the product of the cardiac output (CO) and mean aortic blood pressure (MBP). It was 
first introduced by Tan in 1986 [15] by taking into account both the flow and pressure generating 
ability of the heart, and can therefore be viewed as a comprehensive indicator of cardiac function. 
One may anticipate, therefore, that CPO would provide a more accurate prognostic indicator than 
either of its two components, CO and MBP. 

To answer this question, four clinical studies related to this hypothesis were found out from 
previous literatures and their results are listed in Table 1.1. In Table 1.1，three out of four studies 
[16，18, 23] show that CPO is the only independent predictor of mortality on the testing patients 
when CPO, CO and MBP are all tested as predictors of death in the multivariate analysis. These 
evidences strongly supported the hypothesis that CPO is a more accurate prognostic indicator than 
either MBP and CO. While in one study [17], CO reserve was shown to be the only independent 
predictor of death in the multivariate analysis, although the peak CPO in that study was still 



significantly different between the survival and non-survival groups. The possible reason is that 
that study mainly aimed at investigating the long-terra impact of the indicators of cardiac pumping 
function on cardiac death (8.6±1.0 years' follow up) while in other studies, the short (acute 
inhospital modality in [16], [18]) to medium (4.8 years follow up in [23] ) term predictors of 
cardiac death were investigated. And the impact of BP varies under short and long term follow up: 
markedly low BP (eg, in cardiogenic shock or pre-shock) was usually seen in short term cardiac 
deaths while the impact of BP on long term prognosis is dichotomous, i.e. both markedly low BP 
and high BP (hypertension) conferred negative impacts on prognosis. Considering the high 
modality rate of heart failure patients within one year from diagnosis (about one in five), a 
prognostic indicator more effective in short term outcome would be of much more importance for 
these patients. 

Table 1.1. Comparison amongst performances ofCPO, CO and MBP as predictor of modality. 
Year Author Measured parameters Patients (no.) Protocol Independent 

predictor of death 
2001 Williams 

etal.[23] 
CPO, CO， MBP, 
VO2… 

Chronic HF 
(219) 

exercise peak CPO 

2004 Fincke et 
a l [16] 

CPO, CO, MBP, SV, 
SBP,DBP... 

Cardiogenic 
shock (541) 

rest rest CPO 

2005 Williams 
et al.[17] 

CPO, CO, MBP, CPO 
reserve, CO reserve, 
VO2… 

Mild-moderate 
chronic HF 
(219) 

exercise CO reserve 

2007 Mendoza 
et aL[18] 

CPO, CO, MBP,... Acute cardiac 
diseases (349) 

rest rest CPO 

CPO: cardiac power output; CO: cardiac output; MBP: mean systematic blood pressure; VO2： 
oxygen consumption; SV: stroke volume; SBP: systolic blood pressure; DBP: diastolic blood 
pressure; CPO reserve: peak CPO- rest CPO; CO reserve: peak CO — rest CO; HF: heart 
failure. 

Another consideration is the necessity to obtain peak CPO. As shown in Table 1, two studies [16， 
18] showed that the rest CPO was already an effective predictor of outcomes for cardiogenic 
shock patients and patients with acute cardiac diseases. In these two studies [16, 18] however, all 
hemodynamic indicators included in the multivariate analysis were obtained at rest, and they were 
not compared with performances of their counterparties obtained at peak conditions. In 1990, Tan 
and Litter [19] measured both CPO at rest and peak CPO under dobutamine stimulation on 28 
patients with cardiogenic shock. They found that CPO measured during the basal resting state was 
only able to indentify unambiguously non-survivors whose cardiac function was most severely 
compromised but peak CPO clearly separated the cardiac pump function of the survivors and 
those who died. As shown in Fig. 1.1，survivors and non-survivors can be significantly 
distinguished with a peak CPO of 1 watt, however, there is an obvious overlapping between the 
values of resting CPO survived and died subjects. This experimental observation was supported by 
a later study on critically ill patients in intensive care units [20], On critically ill patients, survivors 
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were found to have better cardiac reserve (Peak CPO - baseline CPO) with greater increments of 
CPO in response to lower doses of dobutamine and optimal fluid administration [20]. 

17 

Maximal 

:11 

Maximal 

Fig, 1.1 Cardiac power output at baseline resting states and during peak dobutamine 
stimulation of survivors and nonsurvivors from consecutive patients admitted to a coronary 
care unit presenting with cardiogenic shock [19]. 

In the studies above, pharmacological stress such as dobutamine stimulation was utilized to 
produce the peak CPO. Although dobutamine stimulation causes positive inotropic and 
chronotropic responses, it tends to reduce preload and therefore tends to result in an 
miderestimation of the peak CPO. Maximal exercise therefore is a better approach to stimulate the 
peak CPO on patients who are not too ill to participate in a symptom-limited exercise testing [21]. 
Using maximal exercise test, Roul et al. [22] measured invasive hemodynamic parameters at rest, 
during exercise and exercise peak on 50 chronic heart failure patients and found that peak exercise 
CPO, exercise LV work indices, and peak exercise VO2 were the most useful factors for assessing 
prognosis [22]. However, the golden measurement methods of BP and CO are both invasive and 
are not preferred during exercise due to numerous concerns including the complexity of the testing, 
bleeding, pneumothorax, arrhythmias, infection, and catheter dislodgement. Recent studies thus 
intended to estimate CPO using noninvasive CO and BP measurement methods. 

The combination of noninvasive hemodynamic measurements and exercise was firstly employed 
in the study by Williams et al. [23] on 219 chronic heart failure patients where CO was measured 
by the noninvasive CO2 re-breathing method. The patients were followed up for a mean period of 
4.64 (4.47-4.82, 95% credit interval) years. When peak and resting CPO, peak MBP, peak and 
resting CO and peak VO2 were all tested as potential predictors of outcome, peak CPO was the 
only independent predictor of mortality in the mutilvariant analysis. Fig. 1.2 shows the 
Kaplan-Meier survival curves for peak CPO </> 1.96 watts. A total of 38 patients had a peak CPO 
<1.96 watts and 12 of 38 died in the follow-up study, with a cmniilative survival of 89.2% at lyear, 
75.7% at 2 years, 67.4% at 3 years and 43.4% at 4 years. Of the remaining 181 patients having a 
peak CPO > 1.96 watts，cumulative survival was 98.3%，94.2%, 91.4% and 90.5% at 1, 2，3, 4 
years, respectively. The authors thus concluded that peak CPO can provide a more accurate 
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prognostic indicator than peak VO2 along, or either of its two components, CO and MBP. This 
conclusion is mainly supported by a latter study by Lang et al [24] on 148 chronic heart failure 
patients. 

0.4 
CPO< 

Follow-up time (years) 

43.4% 

Fig. 1.2 Kaplan-Meier survival curves for peak cardiac power output (CPO) greater or less 
than 1.96 watts (logrank Chi-square = 21.77, df = 1,P<0.00001) [23]. 

However, as will be mentioned in detail in later sections 1.2 and 1.3, it is rather difficult to 
measure cardiac output and blood pressure noninvasively, accurately and simultaneously at peak 
exercise. For instance, the gas re-breathing CO measuring methods utilized in [23] and [24] suffer 
from the long response time which makes the methods difficult to seize the peak CO. In addition, 
the CO2 re-breathing approach in [23] was further influenced by acidosis which may cause an 
underestimation of CO by up to 50% at high levels of exercise [24]. The peak mean BP however, 
is usually calculated according to Eq. 1.1 by SBP and DBF readings from auscultatory cuff 
sphygmomanometer, where the accurate interpretations of Korotcoff sounds become rather 
difficult as the exercise test progresses. 

Due to a number of problems faced in the direct measurement of CPO, surrogates of CPO which 
are easier to be acquired were reported and evaluated. Recently, both Cohen-Solal et al. [25] and 
Scharf et al. [14] independently used the product of VO2 and systolic BP as an approximation of 
CPO, referred as 'circulatory power' [25] or 'exercise cardiac power' (ECP) [26], respectively. 
However, peak VO2 itself is also dependent on factors other than CO, such as muscle 
de-conditioning, motivation, obesity, the age, and gender [27]. These confounding factors may 
explain why some patients with CHF may have a favorable prognosis despite a low peak VO2 [28]. 
Although easier to measure, systolic blood pressures are generally exaggerated in stiffened arterial 
systems, such as those found in the elderly. 

These facts alone serve to illustrate the importance of research on the development of novel 
techniques and devices for noninvasive BP and CO measurements in order to obtain peak CPO. 
Further, it would be a great advance if an integrated approach is developed to measure CPO 
directly, as will be developed in this work. In the following two sections (1.2 and 1.3), current BP 
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and CO techniques are reviewed with the discussion on the feasibility of applying these methods 
in the exercise testing. In section 1.4 and 1.5, the objective and structure of this thesis are 
introduced, where the whole idea of developing an integrated method to measure CPO directly 
during dynamic exercise is presented. 

1.2 Review of present blood pressure measurement 
Current blood pressure measurement methods are mainly divided into two categories, the invasive 
and noninvasive methods. The first category directly measures the blood pressure inside the 
cardiac chamber or large arteries by inserting catheters inside the body whereas the second 
category includes indirect methods which read intra-vascular blood pressure using different 
physical measuring mechanisms. 

1.2.1 Invasive approach 
The fluid-filled catheter-manometer system may have been regarded as the most dominant 
approach to monitor blood pressure waveform invasively. By placing a cannula into an artery and 
meanwhile connecting it to an electronic pressure transducer, the intra-arterial BP can be most 
accurately measured [30]. This method provides accurate and beat-to-beat measurement of BP 
waveform, which is regarded as the invasive golden standard. However, it is usually only limited 
to the intensive unit to very ill patients due to the risk and potential complications of invasive 
measurement, e.g. thrombosis, infection and bleeding. 

1.2.2 Non-invasive cuff sphygmomanometer 
In routine clinical practice, the most common device to measure blood pressure is the noninvasive 
cuff sphygmomanometer. As shown in Fig. 1.3, this mstmment consists of an inextensible cuff 
with an inflatable bag inside, which is connected to rubber squeeze bulb through a needle valve. 
The cuff is wrapped around the upper arm so that the inflatable bag lies between the cuff and the 
skin, directly above the artery to be compressed. The artery is occulted by the inflating the bad, by 
means of the rubber squeeze bulb，to a pressure higher than the arterial systolic pressure. The 
pressure in the bag is measured by mercury or an aneroid manometer. Pressure is released from the 
bag at a rate of 2 or 3 irnnHg per heart beat by means of a needle valve in the inflating bulb. Using 
sphygmomanometer with a cuff, blood pressure can be determined by either the auscultatory or 
the oscillometric method [31]. 

The most standard manual BP measurement technique is the auscultatory method. It measures BP 
by the Korotkoff sounds produced by the return of pulsatile blood flow inside the pre-occluded 
artery. The working principle is as follows: first, the cuff pressure is inflated to a level higher than 
the systolic blood pressure of the underlying artery, to about 160 mmHg. The blood flow in the 
artery stops and there are no sounds heard at that moment. Then, this pressure is released at a rate 
of 2 or 3 mmHg per heart beat. When the cuff pressure is right lower than the systolic blood 
pressure of the underlying artery, small spurts of blood escape through the cuff and slight tapping 
sounds (Korotkoff sounds) begin to be heard (see Fig. 1.4). The systolic blood pressure thus can 
be read from the cuff pressure at the appearance of the Korotkoff sounds, as indicated in Fig. 1.4. 



The Korotkoff sounds are heard every heartbeat afterwards and become louder as the cuff pressure 
continues dropping. When the inflating pressure approaches the diastolic level, the Korotkoff 
sounds become muffles. As it falls just below the diastolic level, the sounds disappear, and this 
indicates the diastolic blood pressure [32]. The auscultatory method is simple and thus most 
widespread in the clinic for routine blood pressure measurement; however, there is still some 
deficiency and limitations in this method: first, it requires a quiet measuring environment and can 
not be used under noisy condition; second, professional practitioner has to be trained for operation 
whose hearing acuity must be good for low frequencies from 20 Hz to 300 Hz. In addition, the 
accuracy of this method on infants and hypertensive patients is still doubted [32]. 

Checking blood pressure 

Fig. 1.3 Illustration showing the noninvasive cuff sphygmomanometer [33]. 

The measurement of auscultatory method required professional skills to interpret the onset and 
disappearing of the KorotcofF sounds, and thus is difficult to be made automatic. An alternative BP 
measurement method which also utilizes cuff sphygmomanometer but is easy to be automatic is 
the oscillometric method. The first study of oscillometric method is by Marey [34], who used a 
fluid-filled chamber to surroimd the arm and observed that as the pressure in the chamber was 
increased, the pressure perturbations reached a maximum value, and then decreased. 

The mechanism of oscillometric method is as follows [35]: the cuff pressure is first raised to 
above the systolic blood pressure and then stops the blood flow. Although the artery segment 
under the cuff is occluded, the oscillations of the pulsatile blood pressure at the upstream can be 
transmitted to the cuff through the adjacent tissues and causes small amplitude oscillations on the 
cuff pressure. Then, the cuff pressure slowly decreases due to deflation. When it drops just under 
the systolic blood pressure, blood spurts through the underlying artery segment and the oscillation 
of cuff pressure becomes significantly larger. As shown in Fig. 1.4，the point where the oscillations 
significantly augment indicates the systolic blood pressure. The oscillations continue augmenting 
as the cuff pressure decreases, until reach the maximum, which corresponds to the mean blood 
pressure. Then, the oscillations decrease again. The diastolic pressure is not identifiable from the 
cuff pressure oscillations, and instead it is calculated from the proprietary algorithm developed by 
different manufacturers. As pointed out by Ramsey [36], the most robust measurement of 
oscillometric method is the mean blood pressure as compared with the systolic and diastolic blood 
pressure. 
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Fig. 1.4 The osciilometric method illustration [37]. 

The main disadvantage of the sphygmomanometer measurement is that it does not provide blood 
pressure in beat to beat manner and this makes it unable to trace the rapid changes of blood 
pressure and thus misses important diagnosis information. In order to interpret the characteristics 
of the Korotkoff sounds or cuff pressure oscillation, the sphygmomanometer takes several seconds 
to raise the cuff pressure above the systolic blood pressure and tens of seconds to release the cuff 
pressure slowly. In total, it takes about 1 min to complete one measurement and thus is unable to 
catch the rapid blood pressure changes. The spectrum analysis of blood pressure variability with 
respect to time is also limited in the frequency domain. Further, the occlusion of brachial artery 
during measurement will block the venous return of the down stream arteries, which will affect the 
readings of the sequential measurements and cause damage to the local artery. 

1.2.3 Non-invasive and continuous approach 
There has always been the need of the patients in the intensive care unit for the noninvasive and 
continuous blood pressure measurement. Two such approaches have been developed to 
complement the shortcomings of the intermittent blood pressure measurement. 

One approach is the tonometry, which is developed by Pressman and Newgard in 1961 [38-39]. 
The usual measurement site of this method is the radial artery which is superficial under the wrist 
skin lying on the bone. The artery is then flattened by applying external pressure noninvasively to 
squeeze the artery against the bone. The basic principle of tonometry is that, when a pressurized 
vessel is partly collapsed by an external force, the circumferential tension of the arterial wall 
disappears and the internal and external pressures are equal. Therefore，the applied pressure to 
maintain the flattened shape indicates the internal arterial blood pressure reading. An array of 
piezoelectric transducers is used for the pressure reading. The arterial tonometer suffers from 
relatively high cost when compared with a conventional sphygmomanometer and its accuracy is 
decreased by wrist movement [32], 

The other approach is the volume-clamp method utilized in the "Finapres" blood pressure 
waveform measurement system. Penaz proposed this method based on the principle of vascular 
wall unloading [40]. In this method, a small inflatable finger cuff containing an infrared 
photoplethysmography is applied to one of the subject's finger. The pressure in cuff is first inflated 
to a pressure equal to the mean pressure in the artery and then is continuously adjusted by a servo 
control system to maintain the transmural pressure at zero as determined by the maximum 



amplitude of photoplethysmographic signal. This method was further developed by Wesseling [41， 
42] and successfully commercialized as "Finapres", which delivers a continuous finger arterial 
pressure waveform. From the finger pressure waveform, systolic, diastolic, mean pressures and 
pulse rate are estimated beat-by-beat. 

There are problems in the two techniques mentioned above. For the tonometer, it requires trained 
operator to perform the measurement and hence is unsuitable for long-term measurement, even 
though, it is unstable in practice since the radial artery is easy to slip by movements of wrist 
beyond the range of the piezoelectric transducers [32]. The volume-clamp method utilizes a 
vascular-unloading status (maximal arterial diameter) indicated by photoplethysmography to read 
the intxa-vascular blood pressure directly from cuff pressure, which is not always reliable, since 
the maximal diameter of the local artery is determined both by pressure and local compliance, the 
latter of which is sensitive to changes of vascular tone [43]. A common problem of tonometry and 
volum-clamp method is that they measure blood pressure at the peripheral arteries, which not only 
reflect the central blood pressure information but are influenced by the local factors such as 
peripheral circulation, perfusion of peripheral arteries, temperature, etc. Therefore, it is necessary 
to develop a novel blood pressure measurement method which is more convenient and unobtrusive 
in the practical applications. 

1.2.4 Non-invasive, continuous and cuffless approach 
The blood pressure estimation method based on pulse wave velocity (PWV) or pulse transit time 
(PIT) is perhaps one of the most dominant novel techniques under investigation. This technique is 
developed fimdamentally based on the relationship between PWV and the trans-mural blood 
pressure (BP) on the same arterial segment described by the Moens-Korteweg equation [44] or 
Bramwell and Hill equation [45]. The pulse transit time is defined as the time delay between the 
onsets of blood pressure pulses at the aorta and the peripheral artery within one heartbeat, as 
indicated in Fig. 1.5. Many investigators have studied the relationship between PWV and BP using 
PIT [46-48]. Under different experimental conditions, previous studies have reported a moderate 
to strong correlation between PTT and BP, depending upon how PTT and BP were measured, the 
method of recording and changing the blood pressure, and whether the patients displayed 
differences in blood pressure reactivity. 

Strictly speaking, in order to measure PTT, both BP waves at the proximal and peripheral sites 
should be recorded. However, since the BP pulse, especially the central BP pulse, is too difficult to 
obtain, in practice, title R-wave of Electrocardiogram (ECG) has been commonly used to initiate 
PTT and the peripheral pulses like photoplethysmograin (PPG) are used to replace the peripheral 
BP pulse because they are easy to detect and usually more artifact-free [49]. As explained in detail 
in latter section 2.1.3, ECG is the potential difference measured on the body surface which reflects 
the electrical activation of the heart muscle. The R wave of ECG indicates the initialization of 
ventricular re-polarization which stimulates the ventricular contraction and is often regarded as the 
start of a cardiac cycle. To distinguish from PTT, the time delay between ECG R wave and the 
onset of a peripheral pulse is defined as pulse arrival time (PAT), which is equal to the 
summation of ventricular pre-ejection time (PEP) and PTT, as shown in Fig. 1.5. 
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In many applications related to BP estimation, PAT was utilized due to its simplicity and reliability 
of measurement [46, 49-53]. In these applications, estimation equations are directly derived from 
arterial elastic models [44，45] which described the relationship between PTT and BP, and PAT is 
utilized as a surrogate of PTT assuming PEP is a constant. PAT covaried appreciably with SBP and 
MBP negatively under a variety of conditions, such as rest, cold pressor test, and paced respiration 
in both normotensive and hypertensive subjects, whereas it covaried inconsistently with diastolic 
blood pressure, with both directions [46，49，51, 53]. Some studies reported that PTT had higher 
relationship with BP than PAT [54, 55]; other studies however, especially those related to dynamic 
exercise, showed that PAT had a high correlation with SBP and MBP, better than that of PTT [56， 
57]. 

In order to explain these conflicting observations, some studies measured the changes of PAT, PTT 
and PEP together with BP and found that the conflicting observations were mainly due to the 
inconstant relationship between PEP and BP under different physiological conditions [52，55, 58， 
59]. Based on these observations, Aubert et al [60] simulated the relationship between PEP and BP 
under varying parameters in a ventricle model coupled with a three-element Windkessel model, 
and meanwhile described the relationship between PTT and BP using the classic Moens-Korteweg 
equation. They then concluded that the relationship between PAT and blood pressure depended on 
the relatively dominant contribution of PTT or PEP in PAT. To our best knowledge, this is the first 
investigation using a theoretical model to describe the relationship between PAT and arterial blood 
pressure directly, however, there are some limitations: 1) the basic assumptions of the Windkessel 
model and Moens-Korteweg equation are conflicting, where the first assumes the infinite pulse 
wave velocity whereas the latter describes the relationship of the finite pulse wave velocity 



determined by elastic properties of the artery; 2) although PEP was simulated under conditions 
with varying physiological parameters, the simulation situations are not practical since not a single 
physiological parameter can vary alone under the real physiological condition. The interactions 
among different parameters are ignored and no conclusions have been drawn on the PEP-BP 
relationship in terms of different physiological conditions (e.g., exercise). Therefore, further 
theoretical investigations are essentially needed to clarify and conclude the relationship between 
PAT and arterial blood pressure. 

1.3 Review of present cardiac output measurement 
Similar to the BP measurement, the cardiac output (CO) measurement methods are also divided 
into the invasive and non-invasive approaches. In this section, we first introduce the invasive but 
the accurate method, thermodilution, which is regarded as the golden standard. Then, four 
established noninvasive approaches, including the ultrasound Doppler, gas-rebreathing, blood 
pressure contour analysis (PCA) and bio-impedance, are reviewed. 

1.3.1 Invasive method 
It was not until the early 1970s that Swan and Ganz introduced the balloon-tipped pulmonary 
artery catheter (Fig. 1.6) into clinical practice which finally allowed the routine measurement of 
CO at the bedside by thermodilution [61]. As shown in Fig. 1.6，a bolus of sterile solution, i.e. the 
injectate, that is colder than the patient's blood is injected into the proximal port of a pulmonary 
artery catheter located in the right artrium (blue line, Fig. 1.6). In the atrium, the injectate mixes 
with the blood and passes through the tricuspid valve into the right ventricle. A thermistor within 
the catheter senses the change in blood temperature as the blood passes the catheter tip located in 
the pulmonary artery. A curve that shows the change in temperature over time is then converted 
into a measurement of cardiac output. CO is inversely proportional to the area under the curve 
[62]. 

Fig. 1.6 Diagram of invasive CO measurement with Swan-Ganz catheter [63]. 
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Measurements of CO by pulmonary artery catheter thermodilution provide CO values with high 
accuracy，even through, errors can be induced by indicator loss [64], and structural cardiac 
abnormalities [65]. Besides, greater limitations of the puhnonary artery catheter perhaps are the 
highly invasive operating procedures and the risk of damage to cardiac valves with prolonged use. 
Other complications include catheter knotting, pulmonary artery rupture and pulmonary embolism 
[66]. Use of this device is now declining in favor of less invasive and noninvasive technologies. 

1.3.2 Non-invasive methods 
Doppler ultrasound 

The change in the observed frequency of a sound wave when the source of the signal is moving in 
relation to the observer is known as Doppler shift. The measurement of the Doppler shift of 
transmitted ultrasound waves has been used to calculate aortic blood velocity and to estimate CO. 
The oesophageal Doppler technique involves the measurement of blood velocity in the descending 
thoracic aorta using an ultrasound probe placed in the lower oesophagus, and the estimation of 
aortic cross-sectional area by utilizing an M mode ultrasound or directly deriving a value of total 
cardiac output from a nomogram using aortic blood velocity, height, weight and age [67]. The 
principal advantage of oesophageal Doppler technique is speed and ease of use, and the method 
has proved ideal for intra-operative use. The major limitation of this technique is that the probe is 
not well tolerated by conscious patients and its use is generally confined to anaesthetised or 
sedated patients. 

Supra-steraal Doppler is essentially a noninvasive alternative to the oesophageal Doppler 
technique, by using a non-invasive ultrasound probe positioned in the jugular notch and measuring 
blood velocity in the ascending aorta. Stroke volume and cardiac output are calculated using a 
measurement of cross-sectional area of the aortic outflow tract. Since measuring from the aortic 
root, the technique is not affected by changes in distribution of cardiac output between the upper 
and lower body. Cardiac output measurements by the supra-stemal Doppler method were similar 
to those taken with pulmonary artery catheter thermodilution in clinical studies [68-69]. The 
portable and non-invasive nature of this technology is a major advantage; however, it may be very 
difficult to identify the aortic root in some subjects due to the anatomy and position. Consequently, 
this technique may have greater inter-observer variability than other methods. Because 
measurements are taken in the supine position, they may be poorly tolerated by breathless patients. 

Another technique using Dopper ultrasound is the trans-oesophageal echocardiography. The use of 
this technique allows real time imaging of the left ventricular outflow tract. Stroke volume may be 
calculated by measurement of the blood velocity profile using the Doppler technique and then 
measuring aortic valve area. Studies suggest that measurements taken using this technique are 
similar to those taken using pulmonary artery catheter thermodilution [70-71]. However, accuracy 
is highly dependent on both the quality of echocardiographic views and operator skill. 

Gas re-breathing 

Non-invasive rebreathing methods to assess cardiac output are based on the principle that 
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exchange rates of physiological or non-physiological gases can be determined from analysis of 
alveolar gas exchange. Based on this assumption, it is possible to calculate pulmonary capillary 
blood flow [72]. Popular rebreathing methods today include the inert gas (nitrous oxide, N2O) 
method and carbon dioxide (CO2). The indirect estimation of mixed venous partial pressure of carbon 
dioxide using the CO2 rebreathing method can be made using either the exponential method 
described by Defares [73] or using the equilibrium method described by Collier [74]. The 
equilibrium method appears more valid for measurement of cardiac output at rest, while during 
high intensity exercise, the exponential method is recommended as there is a greater potential for 
unpleasant side effects and as the equilibrium method requires inhalation of higher CO2 
concentration [75]. The inert gas (N2O) rebreathing method was recently validated against direct 
Fick and themiodilution methods [76-77]. Good reliability of inert gas rebreathing method was 
also reported [76-77]. 

Blood pressure pulse contour analysis 

Otto Frank first suggested calculating cardiac output by analysis of the arterial pressure waveform 
in 1899 [78], where cardiac output was calculated from mean arterial pressure and total peripheral 
resistance analyzed from the time constant of diastolic aortic pressure decay and arterial 
compliance, estimated by measuring aortic pulse wave velocity. In 1970，Kochoukos et al. 
described a more accurate method of stroke volume estimation involving measurement of the area 
under the systolic portion of the arterial pressure waveform (Fig. 1.7) [79]. This work was 
developed by Wesseling et al, who devised an algorithm of calculating stroke volume from aortic 
impedance and the change in arterial pressure during systole [80-81]. Although the method 
suggested by Wesseling may provide a reliable estimate of changes in cardiac output [82-83], 
accuracy may be influenced by changes in total peripheral resistance [84]. Perhaps the most 
important difficulty with arterial waveform analysis is that aortic impedance is dependent on both 
cardiac output and aortic compliance. Consequently, it is only possibly reliable to estimate 
changes in stroke volume rather than absolute values. Such systems must therefore be calibrated 
before use. 

An alternative method of arterial waveform analysis is to apply the physical principle of 
conservation of mass to calculate changes in pulse power. Ejection of blood into the aorta during 
systole causes fluctuations in blood pressure around a mean value. Using a mathematical 
technique termed auto-correlation, analysis of these fluctuations allows determination of changes 
in stroke volume with each cardiac cycle [85]. The pulse power method is calibrated intermittently 
by the lithium indicator dilution to provide updated cardiac output data [86]. In lithium indicator 
dilution method, lithium is detected following intravenous injection by an external lithium ion 
sensitive electrode attached to a standard arterial catheter. Cardiac output is calculated using a 
modified Stewart-Hamilton equation. Comparisons of pulse power analysis to intermittent 
determinations of cardiac output by thermodilution and lithium dilution suggest this method of 
continuous cardiac output measurement is reliable [87-89], Compared to pulmonary artery 
catheter thermodilution, this combined technique is less invasive, allowing use for longer periods 
of time in a wider range of patients. Limitations include potential interference between 
nondepolarising muscle relaxants and lithium ion sensitive electrode which may results in baseline 
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placed on the upper and lower thorax. TEB value negatively proportional to the voluine of thoracic 
fluids such that increasing fluid in the thorax results in less TEB. Therefore, the inverse of TEB, 
and thus changes in CO, are reflected as a change in total bio-impedance or fluid conductivity. SV 
is thus calculated according to the famous Kubicek' equation using resistivity of blood, distance 
between the electrodes, basic chest impedance Zq, and features extracted from the impedance 
signal. Kubicek' equation was later modified by Bernstein to account for the non-cylindrical shape 
of the chest, which might result in an erroneous determination of the CO [97]. 

Many investigators found there is a significant correlation between cardiac output measured with 
impedance cardiography and that measured with other methods. Clinical trials of TEB have been 
shown to be reliable in young healthy volunteers, but in critically ill or surgical patients, the 
results have been inconsistent [98-100]. A meta-analysis of TEB Meta-analysis of studies in 
cardiac patients using the different TEB methods shows correlation coefficients of 0.77 (0.71 -
0.82) when compared with thermodilution [101]. There are several limitations in TEB techniques. 
Firstly, such techniques are affected by tissue fluid volume and changes in the volume of 
pulmonary and venous blood induced by respiration. Secondly, any alteration in the position or 
contact of the electrodes will thus affect these measurements. Thirdly, any acute change in tissue 
water, such as the development of pulmonary edema or pleural efiusions or chest wall edema, will 
alter bioimpedance readings and affect CO measurements. 

Anew generation of TEB device, Physio Flow 05 (PF-05, Manatee Biomedical, Macheren，France) 
overcomes some of the initial limitations of the first generation TEB devices by improved 
algorithms. This device utilizes an improved algorithm that excludes the basal thoracic impedance 
ZQ and the distance between electrodes to ensure that the CO readings are robust to electrode 
positions, skin thickness and perspiration [102-103]. Several validation studies have shown that 
PF-05 agrees well with direct Pick's method in exercise tests [102，104，105]. This device is later 
utilized as the reference CO method in the dynamic exercise experiments involved in this work. 

1.3.3 Feasibility of non-invasive cardiac output measurements during exercise 
The requirements for a CO measuring method used in dynamic exercise are quite high: first of all, 
the measurement should be noninvasive to reduce the risk and discomfort of the patients; secondly, 
in order to indicate quick CO changes, it should be continuous and with short response time; 
thirdly, it is preferred to be automatic and inexpensive; last but not least, the ambulatory or 
wearable devices are required during exercise. 

As mentioned above, Doppler ultrasound approach measures beat to beat CO, whereas it has to be 
operated by a professional practitioner and is unsuitable for long-term monitoring. The gas 
re-breathing method requires long response time before a measurement can be made and this 
influences its ability to track rapid hemodynamic changes. Impedance cardiography and the model 
flow method (BP pulse contour analysis) are both automatic and continuous. However, the 
measuring equipments are complicated and relatively expensive. 

To develop a CO technique potentially applicable in ambulatory settings, a comparably 
unobtrusive alternative is to analyze the pulse contour of photoplethysmogram (PPG). PPG is a 
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Fig. 1.7 Stroke volume estimated from systolic portion (shaded) of arterial waveform [79]. 

Another combined technology is the trans-pulmonary thermodilution and arterial waveform 
analysis. In trans-pulmonary thermodilution, a cold saline indicator is injected via a central venous 
catheter and measurement of the temperature of arterial blood is performed using a 
thermistor-tipped catheter sited in tibe femoral or brachial artery. Cardiac output is then calculated 
using a modified Stewart-Hamilton equation allowing calibration of continuous cardiac output 
data by a pulse contour analysis method. The combined technology correlates well with 
measurements made by pulmonary artery catheter thermodilution [91，92]. An important limitation 
is the requirement for a specific thermistor-tipped arterial catheter to allow thennodilution 
measurements. In most cases this necessitates the insertion of a new arterial catheter to facilitate 
cardiac output measurement by this technique. 

A recently developed cardiac output monitoring technology FloTrac involves arterial waveform 
analysis utilizing a proprietary algorithm to calculate CO without calibration. At present, limited 
information is available about this technology, although published data suggest that further 
development is necessary before the device can be recommended for clinical use [93]. 

As mentioned in section 1.2.3 above, non-invasive measurements of arterial pressure may be 
performed using the volume-clamp method with a small pressure cuff placed on the finger. An 
aortic flow waveform is constructed by simulating a non-linear three element model of the aortic 
input impedance as described by Wesseling et al. [94]. Integration of the computed aortic flow 
waveform allows the calculation of stroke volume and thus cardiac output. This method does not 
appear to correlate well with bolus thennodilution using the pulmonary artery catheter [95]. 
However, the method does have a useful role in research and outpatient medical practice. 

Thoracic electrical bio-impedance (FEB) 

First proposed by Kubicek in 1966 [96], TEB is based on the theory that the thorax is a cylinder 
that is perfused with a fluid (blood) of a specific resistivity. Thoracic bio-impedance is the 
electrical impedance to high frequency low amplitude current that is transmitted from electrodes 
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drift in calibration and the measurement error occasionally caused by irregular cardiac rhythms 
damping of the arterial waveform. 
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blood volume signal acquirable by wearable optoelectronic sensors from body terminals such as 
finger and ear. PPG is found to contain information about changes of CO, e.g. in patients 
undergoing mechanical ventilation, indices derived jfrom PPG were sensitive markers of CO 
fluctuations induced by hypovolemia or volume expansion [106, 107]. McCombie et al [108] 
proposed a blind system identification method to reconstruct aortic blood flow curve from two 
PPGs. In their results, qualitative aortic flow information was obtained, but no quantitative CO 
values were reported. Awad et al [109] utilized a multi-linear regression model to estimate CO 
from ear PPG width and heart rate (HR) in patients undergoing coronary artery bypass graft 
surgery (CABG). The estimated bias was small; the precision however was too large to be 
clinically acceptable. Recently, our group tried an approach based on the WindJcessel model to 
estimate CO from finger PPG [110]. The results on young healthy subjects were promising, with 
bias and precision both within the clinical acceptable limit. However, since the Windkessel model 
is a lumped model assuming infinite pulse wave velocity, it disregards the strong effect of wave 
reflections on beat-to-beat CO and brings inherent errors into the estimation. 

In this thesis, a modified asymmetric T-tube model is later developed to propose a novel CO 
parameter extracted from ECG and PPG signals. The most significant advantage of this technique 
is that it considers the wave reflection phenomenon and assesses the strength of wave reflection at 
the aortic root from shape features of the PPG signal. In addition, an integrated approach for 
cardiac power output (CPO) estimation can be developed from the combination this novel CO 
parameter plus PAT, a BP index also from ECG and PPG and utilized to provide CPO beat to beat 
during dynamic exercise. 

1.4 Motivation and objective of this thesis 
The main objective of this thesis is to develop a model-based, integrated method for noninvasive 
and continuous estimation of CPO, especially for measuring peak CPO during exercise. The whole 
work is implemented by four main steps: 

The first step is to build a model-based mathematical explicit equation between the PAT and BP by 
modeling approach. Since PAT is the simmiation pre-ejection period (PEP) and the pulse transit 
time (PTT), in order to interpret such a relationship, explicit expressions of both PEP and PTT 
with arterial blood pressure are required. PEP is mainly determined by the cardiac function and 
thus is discussed by modeling the left ventricular isovolumic pressure as a function of time, 
volume together with its after load (aortic blood pressure). PTT is involved in a wave transmission 
model where the pulse wave velocity (PWV) is related to the BP by including the arterial elastic 
property and nonlinear pressure-volume relationship. Then, mathematical equation between PAT 
and BP is proposed by coupling the ventricular and arterial models. 

In the second step, based on the Hieoretical equations built in step 1, the impacts of different 
cardiac and arterial factors, e.g. heart contractility, preload, heart rate, peripheral resistance, 
arterial stiffiiess on the relationship between PAT and MBP are simulated and discussed. To 
specifically investigate the case of exercise, simulations are conducted with varying model 
parameters mimicking the physiological changes induced by dynamic exercise. The effect of 
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exercise on relationship between PAT and MBP is discussed and concluded. 

In the third step, a novel CO index, namely pulse time reflection ratio (PTRR), is derived from the 
proposed model and expressed in terms of MBP and mean aortic reflection coefficient (r(0)). The 
CO index was further expressed in terms of PAT and inflection point area (IPA), a surrogate of 
r(0) from the shape feature of PPG. IPA is the ratio of the area after the inflection point on the 
PPG waveform to the area of the whole curve and it was proposed based on the hypothesis that the 
diastolic part of the PPG curve was mainly composed of reflective waves and the systolic PPG 
wave mainly consisted of the forward wave. The impacts of different cardiac and arterial factors, 
e.g. heart contractility, preload, heart rate, peripheral resistance, arterial stiffiiess on the 
relationship between PTRR and CO and between EPA and r(0) are simulated and discussed. 

In the forth step, in order to validate the novel estimation approaches, two experiments are carried 
out, one on young healthy people and the other on three groups subjects, including normal elderly, 
cardiovascular and heart failure patients. In both experiments, supine bicycle exercise is conducted, 
with a three-step exercise in the first experiment and a symptom-limited maximal exercise in the 
second experiment. Linear prediction models are proposed to estimate MBP from PAT and 
estimate CO from PTRR and the corresponding estimation errors are presented and evaluated. The 
effects of physical characteristics of the subject, such as the age, gender and disease effect are 
discussed and concluded. Finally, potential source of errors and possible limitations of the 
proposed methods are also discussed. 

1.5 Organization of this thesis 
The whole thesis is composed of six chapters. The first chapter is a general introduction including 
the definition of cardiac power output (CPO), the significance of the peak CPO estimation, 
reviews on the current measurement techniques, as well as the motivation and organization of this 
thesis. In the second chapter, the fundamental knowledge related to this work is reviewed, 
including the basis of cardiovascular physiology, bio-fluid mechanics, and photoplethysmography. 
Chapter 3 and 4 involve the modeling and development of novel estimation techniques of BP and 
CO, respectively. In chapter 3, a heart-arterial coupling model is built to investigate the 
relationship between PAT and BP. The mathematical equation between PAT and BP is firstly 
proposed and the relationship between PAT and BP under different physiological conditions, 
especially under a mimic dynamic exercise condition, are simulated and discussed. Chapter 4 
introduces the deductions of a novel CO parameter from model proposed in chapter 3. And then, 
similar to that in chapter 3, the relationship between this CO parameter and CO under different 
physiological conditions, especially under a mimic dynamic exercise condition, are simulated and 
discussed. Chapter 5 illustrates the experimental validation, which includes the protocol design, 
data analysis, results and discussions. Finally, chapter 6 summarizes the contributions of this thesis, 
highlights the most important conclusions, and points out the future work. 
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Chapter 2 

Basis of Cardiovascular Physiology, Bio-fluid Mechanics and 
Photoplethysmogram 
The aim of this thesis is to address the feasibility of estimating CPO using multiple physiological 
signals measured from the body surface, specifically, from electrocardiogram (ECG) and 
photoplethysmogram (PPG). In this chapter, we provide a necessary background for this work. 
The CPO is the product of heart ejection (CO) and after load (MBP), and is determined by both 
the cardiac and arterial fimctions and their mechanical interaction. Thus, we start from introducing 
the cardiac physiology, from the heart anatomy to its electrical activities and the mechanical 
actions, and then we introduce the vascular physiology, including the arterial properties, bio-fluid 
mechanics inside the arteries and pulse wave propagation. The mechanism of ECG is interpreted 
in the section for electrical activities of the heart. The mechanism of PPG is introduced in the last 
section of this chapter. 

2.1 Cardiology physiology 
2.1.1 Heart anatomy 
The heart is the active source of the cardiovascular system. As shown in Fig. 2.1 (a), it is located 
inside the left chest between the lungs behind the sternum and above the diaphragm. The wall of 
the heart is composed of cardiac muscle, called myocardium, whose structure is similar to 
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Fig. 2.1 (a) The location of the heart 
associated vessels [1]. 

(b) 
the left chest [1] and (b) the anatomy of the heart and 

the skeletal muscle. The heart is separated into the left and right side by the septum, and there are 
two chambers at either side of the heart. At either side, the upper chamber connected to a vein is 
called the atrium and the lower chamber connected to an artery is called the ventricle. Hence, 
there are four chambers in the heart: left, right atria and left, right ventricles, as indicated in Fig. 
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2.1 (b). At the boundaries between different heart chambers, there are four valves: the tricuspid 
valve between the right atrium and ventricle, the mitral valve between the left atrium and 
ventricle, the pulmonary valve between the right ventricle and the pulmonary artery and the 
aortic valve between the left ventricle and aorta [1]. 

2.1.2 Electric activation and conduction of the heart 
The heart muscle cell, namely myocyte, is the excitable cell which has the ability to conduct an 
action potential, when adequately stimulated. Fig. 2.2 shows the activation of the action potential 
on the membrane of a myocyte. It is worth noting that the duration of the cardiac muscle cell is 
about 300 ms, two orders of magnitude longer than that in either nerve cell or skeletal muscle. 

Adion potenlffll 
12】10001 (msl 

{1} threshold 

Stlnulating current 
Fig. 2.2 Activation of action potential on the cardiac cell membrane. Vm： transmembrane 
current; t: time; (1): resting potential; (2): hyperpolarization; (3): depolarization; (4) the 
plateau phase; (5) repolarization. 

The heart pumping is electrically activated by a group of specialized muscle cells called sinus 
node (SA node) and is at a rate of about 70 beats min'^ for normal human being at rest. Sinus node 
located in the right atrium at the superior vena cava and is a group of self-excitatory, pacemaker 
cells which automatically and periodically generate action potentials. Once an action potential is 
produced at SA node, its wave rapidly sweeps throughout the atria and makes the atria contract. 
When this electrical wave reaches the atrium-ventricle boundary, it is delayed by passing through 
the atrioventricular node (AV node) whose intrinsic frequency is 50 beats mm \ which produces 
adequate time delay between the atrial and ventricular contraction. Once the AV node is activated, 
the activation wave propagates to the entire ventricle rapidly by a conduction system composed of 
bundles and makes the ventricle contract. Fig. 2.3 shows the shape and propagation time delay of 
action potentials triggered on heart muscles at different locations and their contributions to the 
shape feature of the electrocardiographic signal [2]. 
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Fig. 2.3 Activation and conduction of activation in the heart and genesis of 
electrocardiogram [1]. 

2.1.3 Genesis of electrocardiogram 
The sequence of action potential events from the SA node at right atrium to the distal ventricular 
muscle forms a heart electric vector with time-varying magnitude and direction (see Fig. 2.4 a, the 
arrow across the heart), which induces potential differences at different locations on the body 
surface, which can be recorded as electrocardiogram (ECG) [3]. Fig 2.4 (a) shows an instant of 
the heart electrical vector and the measurement of electrocardiogram using classic three-lead 
electrocardiogram system. In the three-lead electrocardiogram system, three electrodes were 
attached on the surfaces of the left arm (LA), right arm (RA) and left leg (JUL), and lead I, II and /// 
are defined as the potential difference between LA and RA, between LL and RA, and between LL 
and LA, respectively. These three basic leads make up a frontal-plane ECG of the time-varying 
heart vector and the characteristic points on the measured lead curves have important 
physiological meanings. Fig. 2.3 and Fig 2.4 (b) show a typical ECG curve measured from lead n, 
where P wave is produced by arterial depolarization, QRS complex is primarily produced by 
ventricular depolarization and T wave results from the ventricular re-polarization [3]. 

In the clinical electrocardiography, besides the three-lead system, there are the standard clinical 
ECG (12 leads) system and the monitoring ECG (1 or 2 lead) system. The standard clinical ECG 
is composed of 12 leads, 6 leads on the frontal plane and 6 leads on the transverse plane. From 12 
leads system, entire information of the time-varying heart vector can be obtained and utilized to 
diagnosis the cardiac diseases. In the monitoring ECG system, the electrocardiographic signal is 
usually only utilized to extract the QRS wave, where R point indicates the starting point of a 
cardiac cycle and heart rate can be calculated &om the R-R intervals. 
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(a) (b) 

Fig. 2.4 (a) Three-lead ECG measurement system [2] and (b) typical ECG wave from lead II 
[2]’ 

2.1.4 Mechanical activation of the heart 
Associated with the electrical activation of the heart is its mechanical activation. A whole cardiac 
cycle is defined as a complete sequence of contraction and relaxation of the heart. The mechanical 
fimction of the heart can be described by the pressure, volume and flow changes that occur in it 
during one cardiac cycle. Fig. 2.5 illustrates a whole cardiac cycle happening in the left heart by 
relating the pressure, volume, flow and electrocardiographic information. 

The diastolic phase of left heart begins when the mitral valve opens and the blood stored in the left 
atrium flows into the left ventricle and the pressure inside the left ventricle increases slowly. At the 
end of the diastolic phase, the left atrium contract is induced by the depolarization of the heart 
muscle, which is shown as the P wave on ECG wave. The contraction of the left atrium further 
increases the volume and pressure in the left ventricle. 

When the electrical activation passes through the AV node, the rapid sweeping of activation wave 
makes the left ventricular muscle contract, which starts the systolic phase and corresponds to the 
QRS complex on the electrocardiogram. The left ventricular pressure sharply increases as the 
muscle contracts and immediately closes the mitral valve. After that, it comes to the isovolimiic 
contraction phase of the left ventricle, since the pressure in left ventricle increases while the 
volume keeps at a constant. When the pressure of the left ventricle exceeds the pressure at the root 
of aorta, the aortic valve opens and blood is ejected from the left ventricle to the systematic 
arterial system. Normally, the time period from the R wave of electrocardiogram to the aortic 
valve open is defined as the pre-ejection period (PEP). Pre-ejection period indicates the length of 
left ventricular isovolmnic contraction. After the aortic valve opens, left ventricular pressure keeps 
rising due to the shortening of the ventricular muscle, and aortic blood pressure follows the rise of 
ventricular pressure by the force of ejected blood until these two pressures reaches the maximum, 
which is the systolic blood pressure. After systolic blood pressure, the left ventricular muscle 
contraction begins to wane, the muscle shortening and ejection continues, but at a lower rate. The 
aortic blood pressure falls since the blood stored at the aortic root during the early ejection began 
to flow out into the peripheral. 
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Fig. 2,5 Cardiac cycle of left heart. Cardiac cycle phases: A: diastole; B: systole; C: 
isovolumetric contraction; D: isovolumetric relaxation [2]. 

Eventually, the contraction strength of left ventricle falls to a point when the blood in the aorta 
begins to flow back. The aortic valve suddenly closes, which induces an incisura on the aortic 
blood pressure curve due to the returned flow. Hence, the time delay from the diastolic blood 
pressure of the previous beat to the incisura of the current beat on the aortic blood pressure curve 
can be used to indicate the ejection time of the left ventricle. After the aortic valve closes, the 
pressure in the left ventricle rapidly decreases due to the relaxation of the ventricular muscle. 
When the left ventricular pressure falls below the pressure in the left atrium, the mitral valve 
opens and a new cardiac cycle begins [2]. 

2.1.5 Pressure-volume and tension-length relationships in one cardiac cycle 
Since wall of ventricular chamber is composed of myocardium, the ventricular pressure-voiume 

28 



relationship is closely related to the tension-length relationship of the cardiac muscle. Fig- 2.6 
shows the changes of pressure-volume relationship in the left ventricle (A) and the corresponding 
changes of tension-length relationship of the surrounding muscle (B) within a cardiac cycle. 
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Fig. 2.6 A Ventricular pressure-volume cycle and B corresponding cardiac muscle 
length-tension cycle [2]. 

After mitral valve opens, the diastolic filling increases the left ventricular volume, which 
lengthens and increases the tension of the cardiac muscle and thus raises the intra-ventricular 
pressure. The intra-ventricular pressure at the end of the diastolic filling phase, the end-diastolic 
ventricular pressure, is the regarded as preload to ventricular contraction, since it determines the 
end-diastolic volume and the length of the cardiac muscle cell which is passively stretched. 

During systolic phase, the cardiac muscle develops sharp and strong tension with a constant length 
during the isovolumic contraction phase. As a result, the intra-ventricular pressure increases 
rapidly until the aortic valve opens. The aortic blood pressure is regarded as the ventricular after 
load since it sets a threshold for the increase of cardiac muscle tension before it is shortened in the 
ejection phase. 
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During the whole ejection phase, the cardiac muscle keeps shortening, which reduces the 
ventricular volume and ejects the blood out of the ventricle. The amount of blood ejected during 
the systolic ejection, the stroke volume, is determined both by the maximum length of cardiac 
muscle shortening and the after load of ventricular ejection, the aortic blood pressure. The tension 
of cardiac muscle however keeps at the relative high value at the early ejection, which increases 
the ventricular and aortic pressure to a maximum point, the systolic pressure, and then decrease, 
which decreases the ventricular and aortic pressure. Once shortening ceases and the output valve 
closes, the cardiac muscle cells relax isometrically. Ventricular wall tension and intraventricular 
pressure fall in unison during isovolumetric relaxation [2]. 

2.2 Arterial function 
2.2.1 Types of artery and arterial elastic property 
The main function of artery system is to distribute the blood ejected by the heart to the tissue 
throughout the body. The structure of arterial wall is anisotropic, multi-storey and nonlinearly 
elastic, which makes its material properties highly nonlinear [4]. In general, the overall 
mechanical properties of the arterial wall are determined by how different compositions of 
collagen, elastin and protein are linked. The general rule is that when the elastin ratio is higher 
than the collagen ratio, the elastic modulus decreases and distensibility increases, and vice versa. 
The elasticity and resistance vary dynamically from big arteries, e.g. aorta, to small arteries and 
arterioles. The big arteries are mainly elastic, with pulsatile blood pressure and flow inside, while 
the small arteries are muscular arteries which mainly determine the peripheral resistance of the 
arterial system. The function of the large, elastic arteries is to carry blood from central to 
peripheral, while the muscular arteries control the distribution of blood to regions of the body by 
muscular contraction and dilation [4]. 

The elastic properties of the arterial wall are often characterized by a parameter called compliance 
(Q, which describes how much the volume changes (JV) can be produced by a given change in 
transmural pressure 

C = (2.1) AP , 
Transmural pressure P is the difference between internal and external pressures, and is mainly 
influenced by the changes of internal pressure, since the external pressure is approximately a 
constant under normal conditions. 

Another parameter to characterize the elastic properties of the artery is named the distensibility 
(D), and it is defined as 

AV D = ， (2.2) VxAP 
where V is the diastolic volume at the end of diastole. Compared with compliance, distensibility 
accounts for the relative changes of blood volume per given change of pressure. 

The elastic characteristics of the artery can also be evaluated by elastic modulus, which gives the 
relationship between stress and strain. The elastic modulus in longitudinal direction is called 
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Young's module E, which is defined as 
p AP 

E = 互， （23) 
d 

where d is the mean arterial diameter during the cardiac cycle and Ad is the maximal change in 
arterial diameter during the cardiac cycle. Thus E is inversely related to compliance, which is the 
ratio of / IF to AP. 
2.2.2 Fluid mechanics 
The arterial blood pressure and flow waves are highly pulsatile, and their relationship was derived 
by Womersley in 1955 [5，6] from the equation of motion of a liquid as 

aV \dtn I dm \ dP , � 
__- + = ， (2.4) dr r dr v dt ju dz 

where P is the pusatile blood pressure, mis the velocity of blood, z is the axial distance along the 
dP tube,——is the pressure gradient with axial distance, r is the radial distance from axis, ju is the dz blood viscosity. 

If the pressure difference is taken over a distance L as the pressure gradient and represent it by a 
simple harmonic motion, then 

毕 尽 心 - ， (2.5) 
L dz 

and the solution for the velocity, m, of the blood flow at a distance {y=r/K) from the axis is 
「1 一 + A' 

产， （2.6) 
1 cop 

since 
2 R^cop R^co ^ m a =———= . (2.7) // y 

To obtain the volume flow Q (unit, cm^/s) it is necessary to integrate the velocity across the lumen 
of the tube: 

Q ttR'A 
I cop 心 ) 

(2.8) 

where Jq and J! are Bessel functions of order zero and one respectively. The expression was 
termed 1 —Ĵq by Womersley. The physical interpretation of the equation is, however, easier if 

the function 1 — F^q is expressed in modulus ( M^q ) and phase [sj论 form, so that 

) - � ] = M’�产。， (2.9) 
thus 
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and the corresponding term for the average velocity across the tube is 

(2.10) 

Q - 处 K V z// (2-11) 

Analog to the terms in electricity, an alternating pressure gradient is treated as analogous with an 
alternating voltage and the alternating flow is analog to the current. It was suggested by McDonald 
in 1955 that the term 'impedance' should be used when considering 'dynamic' pulsatile flow and 
pressure in arteries, and that titie term 'resistance' should be confined to the 'static', or mean flow, 
terms [7]. From Eq.(2.10), the longitudinal impedance, defined as the impedance per unit length L 
of the tube and is thus given by 

A' 
V 及 2 J^； (2.12) 

及 2m;� I � R ' M l , 
The electrical complex impedance analogous to flow in a rigid tube is written as 

Z = R + i(DL, (2.13) 
where R is resistance and L is the inductance; hence the real part of Eq.(2.12) may be called the 
resistance and the imaginary part may be called the inductive term of reactance. Thus 

Re tan ce jLia (2.14) 

and 

R e ac tan ce = � , c o s % 
及Mo 

Expanding the term o? (= F^mp/fJ), it yields 

RQsistmce 
cop 

(2.15) 

(2.16) 

and 
cop Re ac tan ce = ~ ^ cos : 

that 

Indue t a n ce = — ^ c o s s^^ 

(2.17) 

(2.18) 

When considering a conducting system along which the wave of oscillatory flow is propagated, 
there is the relationship between the characteristic impedance Zo and the velocity of propagation c 
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Fig. 2.7 Pulse transit tune on an arterial segment [2]. 

PWV depends on the physical properties of the arterial vessel, such as its stiffiiess (or elasticity) 
and geometric dimensions, such as vessel size as well as blood density [9]. Since fluid is contained 
in a system of elastic conduits, energy propagation occurs predominantly along the arterial wall 
and not through the incompressible blood [10]. The material properties of the arterial wall, its 
thickness, and the lumen diameter thus become the major determinants of the pulse wave velocity. 
Moens [11] determined empirically and Korteweg [12] derived theoretically an expression (known 
as the Moens-Kortweg equation) which describes the relationship between the velocity of a 
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(apparent pulse wave velocity, see section 2.2.4) 

so that from Eq.(2.12), after expanding c^, there is 
Z o = 头 (2.19) ICO 

它 、 . ( 2 . 2 0 ) 

风 0 

The characteristic impedance is defined as the ratio of oscillatory pressure to flow at the input of a 
tube in which no reflected waves return to the origin. The term 'input impedance' is used to 
express the ratio of oscillatory pressure to flow at the input to any region of the circulation and is 
modified by reflected waves. Arterial input impedance is useful description of the properties of the 
vasculature [7]. 

2.2.3 Pulse wave propagation 
When blood is pumped from the heart to the artery, it expands the elastic artery and produces a 
pressure pulse wave. This pressure pulse wave transmitted along the big arteries at a certain speed, 
which is called the pulse wave velocity (PWV). The pulse wave velocity can be characterized by 
the pulse transit time (PTT), which is the time used for a blood pressure pulse to travel through 
an artery segment, as illustrated in Fig. 2.7. The transmitting, forward wave on an artery reflects 
when there is impedance mismatching in the arterial network, e.g. bifurcations, tapering of the 
artery etc [8]. Theoretically speaking, wave reflection happens at any point of impedance 
mismatching, while experiment observations have shown that major reflections happen at the 
arterioles level where the arterial resistance rapidly rises as the sharp reduction of arterial radius. 



pressure pulse and the elastic modulus of a thin-walled elastic tube with ideal incompressible and 
inviscous fluid 

irp' (2.21) 

where c is the pulse wave velocity, h is the wall thickness, r is the lumen radius, p is the density of 
the fluid within the lumen, and E is Young's modulus of the tube material In 1922, Bramwell and 
Hill derived an expression ofPWV which throws much light upon the mechanics of the circulation 
(known as Bramwell-Hill equation) [13] 

V V (2.22) 

"dP 

In the Bramwell-Hill equation, if the pressure-volume relationship of a blood vessel is known, 
PWV, as well as its reciprocal PIT, can be expressed as a function of transmural pressure, and a 
varying parameter within an cardiac cycle. 

2.2.4 Clinical significance of pulse wave velocity 
From Eq.(2.4) and (2.5), it is clear that PWV is a good indicator of the elasticity and compliance 
of the artery, generally, the arterial stiffiiess. Further, PWV is superior to other indicators of 
arterial stiffiiess like elasticity and compliance due to the ease and noninvasiveness of its 
measurement procedures where PWV is calculated from the surface distance and pulse transit time 
between two blood pressure waves on the same arterial segment [14，15]. The golden standard 
arterial stiffiiess index is the carotid-femoral PWV {cfPWV), defined as the mean pulse wave 
velocity from the carotid to femoral artery [14]. In clinic, various disease processes are known to 
change the stiffiiess of the arteries {cfPWV). There have been many investigations which relate the 
effects of aging and vascular diseases to vessel pathology and distensibility based on the studies of 
PWV [16-19]. For instance, atherosclerosis causes the arterial wall to become thicker and harder, 
and narrows the arterial lumen. The resultant decreasing in arterial distensibility hence causes 
PWV to increase [20]. PWV is now well accepted as a useful index of arterial stiffiiess, which can 
be measured both accurately and reproducibly [21]. In recent years, a number of papers have been 
published on the diagnosis of cardiovascular diseases and mortality risk prediction using PWV 
[22-25]. One potential problem is that PWV may be influenced by the transmural blood pressure 
and the changes of vascular tone induced by neural activities, which may bring errors to the 
arterial stiffiiess measurement using PWV [26]. 

2.2.5 Measurement of pulse wave velocity 
Any pulse wave velocity measured from experiment in fact represents the velocity of the wave 
relative to the blood, plus the velocity of the blood in the artery. Since the pressure wave travels at 
a rate more than 10 times of that of flow, the measured PWV can be regarded as an acceptable 
approximation of the true transmitting rate of pressure wave. The method that has been most 
commonly used in measuring PWV is to measure the pulse transit time between the points at the 
same position on two blood pressure waves on the same arterial segment (see A and A' in Fig. 2.7). 
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However, it is found that in the frequency domain, the phase delay between two sequent blood 
pressure waves varies as frequency increases [27’ 28]. This indicates that the pulse wave velocity 
may change from point to point on the blood pressure waveform. This is mainly due to the wave 
reflections in the arterial network. This frequency-dependent pulse wave velocity is called the 
apparent PWV. The appearance of apparent PWV implies that the experimentally measured PWV 
from PTT may vary with the value of the theoretically derived PWV represented by Eq.(2.4) and 
Eq.(2.5). Later studies revealed that the averaged apparent PWV at high frequencies 
approximately equals to the theoretically derived PWV and such a high-frequency apparent PWV 
can be experimentally measured from the foot, or upstroke, of the two sequential blood pressure 
waves over a distance on an artery, since the upstroke point is the steep rise of wave firont at the 
early systole and is assumed to be not influenced by the reflected waves [29]. For superficial 
arteries such as the carotid artery and femoral artery, passage of the pressure wave can be picked 
up by externally applied pressure sensors. 

The clinical standard measurement of cfPWV is based on aforementioned foot-to-foot pulse transit 
time method. By acquiring two blood pressure pulses, one at the carotid artery and the other at the 
femoral artery, through sensors on the body surface, cfPWV is estimated from dividing the surface 
distance between two measurement sites (Z,) by the carotid-femoral pulse transit time, which is the 
time delay between the upstrokes of carotid and femoral blood pressure pulses [14]. An alternative 
noninvasive method to obtain the pulse transit time is through an easy optical means called 
photoplethysmography (PPG), invented by Hertzman in 1930s [30, 31]. The application of PPG 
on PWV measurement can date back to 1971 [32] and later on the work by Weinman et al [33] 
who claimed an overall superiority of optical techniques relative to mechanical techniques. Pulse 
wave velocity measurement by PPG was suggested as a convenient method for routine clinical use. 
In a recent validity study, pulse wave velocity measured by a photoplethysmographic method was 
found to be comparable to those obtained from invasive intra-arterial pressure wave [34]. 

2.3 Photoplethysmography 
In 1937，Hertzman and Spielman [31] first produced the term "photoplethysmograph" which is the 
combination of "photo" meaning the optical means, "plethysmos" meaning increase, and "graph" 
meaning write, to define a new optical signal acquired from a device that "takes advantage of the 
fact that the absorption of light by a transilliuninated tissue varies with its blood contents". This is 
theoretically related to the Lambert-Beer law (Fig. 2.8), which relates light absorption to optical 
density. Nowadays, the PPG technology has been used in a wide range of commercially available 
medical devices for measuring oxygen saturation [35], blood pressure and cardiac output 
('Finapres', mentioned in Chapter 1) [36]，assessing autonomic function [37] and also detecting 
peripheral vascular disease [38]. Besides, there are hot research topics which utilize the PPG pulse 
wave analysis to reveal important cardiovascular infonnation, such as the respiratory rate [39], the 
presence and stages of the peripheral arterial disease [40], arterial stiffiiess [14], etc. 

There are mainly two measuring arrangements for photoplethysmogram, the reflection and 
transmission mode. Fig. 2.8 (a) shows an early photoplethysmographic device for measuring light 
transmission through the finger. The working principle is as follows: a small light source (B in Fig. 
2.8(a)) and a photodetector (S in Fig. 2.8(a)) are applied to the skin. The emitted light is 
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Fig. 2.8 (a) An early photoplethysmograph device for measuring light transmission through 
the finger [31] and (b) a modem photoplethysmograph incorporating a light-emitting diode 
and sensor within a finger clip. A typical waveform (solid line) is shown, together with a 
radial pressure waveform (obtained using a tonometer) in the same individual [41]. 

scattered in the tissue and partly absorbed. Part of the scattered light emerges again through the 
skin and is detected by the photo detector. Photo detector can be placed eitiaer beside or opposite 
the light source. The light transmission mode shown in Fig. 2.8 (a) is only possible for body 
terminal locations, such as the earlobe and fingers. A more widespread arrangement is the 
reflection mode where the light emitter and detector are placed side by side, this design hence can 
be used at any position of the body. The principles of reflection and transmission modes are very 
similar [42]. 

100 
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Fig. 2.9 Breakdown of the components of the detected photoplethysmographic signal [43]. 

As shown in Fig. 2.9，the PPG signal is basically composed of two parts with distinct 
physiological meanings, a steady component (DC), which is related to the changes of blood 
volume in the non-pulsatile component of the tissue and often referred to as the total "blood 
volume", and a pulsatile component (AC) at the same frequency as the heart rate, which is related 
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to changing arterial blood volume and often referred to as the "pulse volume" [44]. AC component 
is very small compared with its DC counterpart. Their amplitudes depend on the skin structure, 
blood flow in the vascular bed and the skin temperatures [45]. Under normal conditions, the blood 
volume changes in the capillary bed and veins are neglectable, since the blood volume changes 
has been greatly damped by the high-resistance and low-compliance arterioles and capillary bed. 
In addition, simultaneous measurement of the AC and the DC components provides more 
information on the vascular changes of the skin than that can be obtained by either component 
separately [46]. 

The physiological meaning of the pulstile PPG signal obtained by the transmission mode can be 
easily interpreted by the Lambert-Beer law, that is, the changes of the PPG amplitude is caused by 
the variations in absorption. Since the light absorption of the blood is higher than its surroimdiiig 
tissue, when there is a light passing through, the light absorption changes significantly with the 
blood volume changes inside the artery and hence in anti-phase with the transmitted signal 
detected by the photo detector. 

The physiological relevance of the reflection mode PPG signal, however, is more complicated due 
to the reflection induced by erythrocytes. Studies have shown that the reflective PPG measured 
from a rigid tube with pulsatile blood flow is proportional to the flow rate [47]. Besides, when it 
comes to the artery, the movement of the arterial wall can also play a role. In an experiment 
conducted by Weinman et al [48], the transducers were embedded in agar blocks over a single 
carotid artery and the reflective PPGs were obtained by placing the transducers at different 
measurement locations. The authors observed that sometimes the systolic rise of blood volume 
inside the artery caused rise in the reflective PPG [48]. This may be due to the enhanced reflection 
induced by increasing flow rate and arterial wall movement. However, the observations varied 
with different arterial beds where the measurements were carried out. Experimental results 
conducted on peripheral skin areas such as finger and ear lobe suggested that the reflective PPG 
changed in phase with the transmission PPG, which is inverse to the blood volume fluctuations 
[49]. The main reason for this phenomenon is that the erythrocytes have reflecting as well as 
absorbing properties. A relative predominance from one to the other may be influenced by the 
optical density of the embedding tissue. The blood volume rise will cause an increase of reflective 
PPG due to the orienting erythrocytes and the expanding of arterial wall. However, this increase 
will become insignificant if the reflections from the embedding tissue are strong. Therefore, the 
pulsation of the reflection PPG is dominated by the absorbing properties of erythrocytes, which is 
in anti-phase with blood volume variations. As a result, the optical characteristics of the 
surrounding tissue plays an essential role in the predominance of absorption or reflection influence 
of the erythrocyte on reflective PPG, and thus determines the main physiological interpretation of 
this signal, i.e. in phase or anti-phase with blood volume pulsations. As mentioned before, in 
peripheral measurement sites as fingers and ear lobes, reflective PPG reveals similar information 
as the transmission PPG. 

2.4 Summary 

In this chapter, fundamental knowledge of cardiovascular physiology, bio-fluid mechanics and 
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photoplethymogram is described. It provides a necessary background on the cardiac and vascular 
functions which influences cardiac power output and the physiological mechanisms underline the 
electrocardiogram and photoplethysmogram measured on the body surface. The knowledge 
introduced in this chapter provides basis for further investigations and analysis on building a 
model based-approach for the estimation of cardiac power output using physiological signals 
measured on the body surface in chapter 3 and 4.. 
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Chapter 3 

A Model-based Study on the Relationship between Pulse Arrival 
Time and Arterial Blood Pressure 
In this chapter, models of left ventricle and systematic arterial system are developed to deduce the 
mathematical equation which relates pulse arrival time to arterial blood pressure. 
Ventricular-arterial coupling based on the modified models is then utilized to simulate the 
relationship between pulse arrival time and arterial blood pressure when changing different cardiac 
and arterial functions, e.g. heart rate, contractility, peripheral resistance etc. This is then followed 
by a further simulation to mimic the dynamic exercise condition by simultaneously changing 
related model parameters. In addition, the relationship between pulse arrival time and arterial 
blood pressure under exercise condition is revealed and concluded. Main investigations include: 1) 
an explicit equation which relates pre-ejection period to arterial diastolic blood pressure is 
deduced based on an recently proposed pressure source ventricular model [1-4]; 2) a nonlinear 
pressure-volume relationship [5] is introduced into the classic linear asymmetric T-Tube model [6] 
[7] so as to make characteristic impedance, tube compliance and pulse transit time changing 
variables with arterial blood pressure in the T-tube model; 3) the theoretical equation which relates 
pulse arrival time to arterial blood pressure is built based on 1) and 2), and the relationship 
between pulse arrival time and systolic, diastolic and mean blood pressure is simulated, discussed 
and concluded under variant cardiovascular conditions, especially under a mimic condition for 
dynamic exercise. Relative contributions of pre-ejection period and pulse transit time to the 
relationship between arterial blood pressure and pulse arrival time are discussed and concluded. 

3.1 Ventricular modeling and the relationship between pre-ejection period and 
diastolic blood pressure 
This section models the underlying mechanism that determines the relationship between 
pre-ejection period and aortic blood pressure. The pre-ejection period is the time length of 
ventricular isovolumic contraction, defined as the time delay from the start of ventricular 
contraction and aortic valve opening. The open/close status of aortic valve is controlled by the 
interaction of forces on its both sides, i.e. the left ventricular pressure and the aortic blood pressure. 
The time length of pre-ejection period hence is determined by how fast the left ventricular 
pressure rises during the isovolumic contraction meanwhile how fast the aortic blood pressure 
drops during diastole. At the time of aortic valve opening, the pressure inside the left ventricular 
chamber equals to the pressure in the aorta, i.e. diastolic blood pressure, if ejection resistance is 
ignored. Making use of this relationship, we deduced the mathematical equation between the 
pre-ejection period and the diastolic aortic blood pressure from a pressure-source model originally 
proposed by Mulier [1] [2] which describes the left ventricular pressure as a function of 
ventricular volume and time. This equation is later combined with the equation which relates pulse 
transit time to arterial blood pressure in the latter section to build the mathematical relationship 
between pulse arrival time and arterial blood pressure. 
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where "(f, indicates derivative, and Vy and Pv are the ventricular volume and pressure, respectively. 
In the early study, the ventricular compliance was modeled as a step fimction which had a higher 
value during diastole and a lower value during systole [8]. Some researchers also utilized the 
reciprocal of compliance, i.e. elastauce, to describe the ventricular-volume relationship and such 
elastance was further extended to be a continuous function of time by De fares et al in 1963 [9]. 

In the early 1970s, Suga and co-workers designed a series of experiments to measure 
instantaneous ventricular pressure and volume changes simultaneously in the isolated dog heart 
under varying pre-load (end-diastole ventricular volume), after-load (arterial blood pressure), heart 
rate and heart contractile conditions [10] [11]. They defined a time-varying elastance {E(t)) model 
shown as Eq.(3.3) and found that 1) E(t) does not change with different end-diastole ventricular 
volumes and loading conditions; 2) the shape of normalized E(t) with respect to its maximum 
value, Emax, and the time corresponding to tmax, is invariant with all fore mentioned changing 
conditions (see Fig. 3.1 C). E(t) is described by: 

E(f)=伪）， (3.3) 

where Vd is the ventricular volume when ventricular pressure equals to zero. The concept of 
time-varying elastance defined in Eq.(3.3) is illustrated in Fig. 3.1 [12]. Since E(t) is indifferent 
with changing end-diastolic volume and after load, the 'isochronic' points at time point Ti, 
i=l,2,..., from different pressure-volume loops form a linear curve (see Fig. 3.1 A) whose slope 
corresponds to the value of E(T•) on the time varying elastance curve (see Fig. 3.1 B) and intercept 
equals to Vj. According to Eq.(3.3)，'isochronic' curves at different time points in an cardiac cycle 
are with different slopes (elastance) but should converge into the point of Vj on the volume axis, 
as shown on Fig. 3.1 A. 

The time-varying elastance model is perhaps the most popular mathematical description of the 
pulsatile left ventricle and has been utilized in many applications related to cardiovascular 
modeling. The popularity of this model is due to: 1) the single time-varying elastance function is 
able to represent many important features of the left ventricular pumping; 2) the unique shape of 
normalized E(t) which is invariant with different loadings and heart rates makes this model easy to 
be adopted to applications related to variant physiological and pathological conditions. 

However, this widely embraced model is subject to limitations and discrepancies in describing 
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3.1.1 Review of current left ventricular models 
The pumping left ventricle is classically modeled as an elastic bag which becomes stiffer during 
contraction, and the ventricular compliance is defined as: 

崎， （3.1) 

which is estimated by the linear relationship as: 

(3.2) 
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Fig. 3.1 Time-varying elastance concept as elaborated by Suga and Sagawa [10-12]. The 
symbols in panel A indicate 'isochronic' points on the different PV-loops, occurring at the 
moment during the cardiac cycle. These points line up and, stepping through the cardiac cycle 
(T], T2, ,..)’ the slope of the line (the elastance, panel B) varies in a cyclic way, while the 
intercept with the volume axis remains constant (Vq). The elastance curve can be normalized 
with respect to both its amplitude and the time at which the amplitude occurs (panel C). 

An alternative analytical description of left ventricle is proposed by Mulier in 1994 [1] who 
modeled the ventricular pressure as a function of time and volume contained. This model is named 
the pressure-source model and is based on the Frank mechanism: “The peak developed pressure of 
the isovolumically contracting ventricle increases with end-diastolic pressure to an upper 
physiological limit." Different from the time-varying elastance model with combined the effects 
from ventricular and vascular sides in its concept, Mulier started from building an isovolumic 
ventricular pressure model purely based on the ventricular properties extracted from experimental 

43 

either the isovolumic contraction or ejection behaviors of the left ventricle. During isovolumic 
contraction, the time-varying elastance model assumes that there is a linear relationship between 
the end-diastole ventricular volume and the isovolumic ventricular pressure, whereas in contract to 
the nonlinear behavior for higher ventricular volume as measured by Palladino et al [13]. During 
ejection, the experimental data of other studies reveals that the ventricular pressure at early 
ejection decreases more than that expected from the time-varying elastance model due to reduced 
ventricular volume along, namely deactivation [14], and raises to a higher value at late systole 
than the isovolumetric pressure at the same volume, namly hyperactivation [15]. The deactivation 
was then later modeled into the time-varying elastance concept by introducing a passive resistive 
term or inductive term [16]. This modified model, however, failed to predict the timing of peak 
isovolumetric pressure accurately [17]. These observations is mainly due to the fact that 
time-varying elastance is proposed based on the experimental measurements of ventricular blood 
pressure and voliime changes within the entire cardiac cycle, which includes both the isovolumic 
and ejection phases. This model thus does not separate the ventricular effect from vascular effect 
on the measured pressure-volume relationship and hence is difficult to gain insight into the 
properties of the ventricle. 
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observations on an isolated heart of dog [1]. The influence of vascular loading is later introduced 
into the model by adding an ejection effect term [2]. By doing so, the ventricular and vascular 
effects are separated and described by individual mathematical foTmulas. Mulier developed the 
mathematical description from experiments on dog hearts with a fixed heart frequency equal to 1 
Hz [1]. He showed that: 

(3.4) 
where parameter a relates to ventricular elastance during relaxation, b represents ventricular 
volume for zeros diastolic pressure, c and d relate to the volume-dependent and 
volume-independent components of developed pressure, respectively, '/'respects time and f(t) is a 
continuous function, termed the activation function. This function / generates a bell-shaped curve 
that varies between 0 and 1. The activation function/is described by: 

(1 —e-(叫 
.g - ("r>>-(“) /r> <t<t. (3.5) 

where f { i ) = g{i)lg{tp )，and tp represents time for peak ventricular pressure and tr, a are 
ventricular parameters. The parameters tc and tr represent contraction (increase in pressure) and 
relaxation (pressure decreases), respectively. The parameter a describes the overall rate of onset of 
these processes and % denotes the time when the relaxation process starts. It is worth noting here 
that the Eq. (3.5) successfully separates the contraction and relaxation of phase of ventricular 
muscle, which is important later in the deduction of an explicit mathematical expression between 
pre-ejection period and aortic blood pressure in section 3,1.2. The heart period is represented by 

/ \ —— 4 \ 

W 衫 、 _ / \ 

tUi / \ 

Fig. 3.2 Measured isovolumic ventricular pressure for seven different volumes in dog hearts 
(X) taken from [1]. Superimposed is the best fit using Eq.(3.4) and Eq.(3.5) (dashed). The 
nearly horizontal lines are included solely to indicate that all seven curves are fitted using the 
same parameters. 

Fig. 3.2 compares measured isovolumic ventricular pressure in Mulier's experiments with the 
model computed pressure using Eq.(3.4) and Eq.(3.5) [1], Table 3.1 depicts the parameter values 
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and corresponding correlation coefficients R^ between the computed and measured results in [1]. 
The parameters in Eq.(3.4) and Eq.(3.5) are unchanging with varying end-diastole ventricular 
volume at a certain heart rate. Notice that the parameter tb is calculated from the others parameters 
in Table 3,1 since f'(tp) = 0 implies 

Tc 
��/(«-l) “ 召 械 “ 

(3.6) 

Table 3.1 Best-fit parameter values for Eq. (3.5: to measured isovolumic pressures [1]. 
Parameter All seven curves 
Tc 0.13561 s 
Tr 0.20441 s 
a 2.68440 
tp 0.23705 s 
R2 0.99753 
R is the correlation coefficient for all curves in Fig. 3.2 [1]. 

However, with several revealing discrepancies, the isovolumic pressure model does not offer a Ml 
description of the ventricular performance of an ejecting beat. Therefore, the ejection effect was 
introduced by Danielsen et al [2] by modifying the activation function/ 

where jgv represents the ventricular outflow and F(f,Q^) is given by: 

F ( ,， a ) = m — k m ) + k q I — r ) ， r = 

(3.7) 

(3.8) 
The positive parameters ki and kz represent the strength of deactivation and hyperactivation, 
respectively, while ris a time-varying time delay. The term kjQl {t — f ) represents 
hyperactivation and becomes active r later in time than the deactivatioin which is represented by 
the term k^Q^if). The parameter k (Oc/rcl) relates to the change in the rate of formation of new 
bonds with time. It has been demonstrated that the simulation results obtained from the model 
with ejection effect (Eq. 3.7) covered most of the features of the human ventricle during normal 
and altered vascular conditions [2]. 

The above pressure-source model is proposed under a constant heart rate (60 beats/min)，limiting 
the model from many applications with arbitrary heart rates. In an experiment on dogs in 1993， 
Regen et al found that peak isovolumic pressure was elevated and the pressure curve becomes 
narrower when heart rate increased [18]. Fig. 3.3 presented the measured isovolumic ventricular 
pressure in dog hearts for different heart rate [18]. It is also showed that the measured isovolumic 
ventricular pressure curves are almost identical when normalized with respect to time and peak 



ao ICO 100 120 KD 100 
Heart rale H{b/min) Heart rate H (b/min) 

(a) (b) 
Fig. 3.4 Experimental data extracted from Fig. 3.3 showing (a) time for peak time tp as a 
decreasing sigmoidal function in heart rate and (b) peak pressure pp as an increasing sigmoidal 
function in heart rate [4]. 

Based on this fact, Ottensen and Danielsen modified the isovolumic pressure-source model to 
include changes in HR by scaling time and peak values of the activation function/[4]. As plotted 
in Fig. 3.4，the experimental data extracted from Fig. 3.3 show that the time for peak time tp is a 
decreasing sigmoidal function in heart rate, and peak pressure pp an increasing sigmoidal function 
in heart rate [4]. The relationship between the time for peak pressure tp and hear rate H is 
formulated by the Hill fimction as: 

6' 

ir+0� 
(3.9) 

where 6 represents the median and vthe steepness of the relation, respectively, tp,„i„ and tp̂max 
denote the mimmum and maximum values, respectively [4]. Similarly, the relationship between 
the peak ventricular pressure pp and HR is described by the Hill function as 
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Fig. 3.3 Measured isovoliunic ventricular pressure in dog hearts for different heart rates [18]. 

isovolumic pressure [18]. 
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where <(> is the median, rj represents the steepness of the relationship and Pp̂mm and Pp,max represent 
the minimum and maximum values, respectively [4]. 

Then, Ottesen and Danielsen discussed a number of activation functions g(t), altered Eq.(3.5) by 
the simplest polynomial form of action function, and altered the action function g(t) by 
introducing the relationship between HR and tp (Eq.(3.9)) and that between HR andpp (Eq.(3.10)) 
as follows: 

g{t) [t-ay{p{H)-iT,a<t<p{H) 
0， P{H)<t<t,： 

(3.11) 

where f{t,H) = & (丑)洲，a,脚，nmdrn 
成 ） 

ventricular parameters, and //, and are the 

heart period and frequency, respectively. The parameter tp fulfills %\tp) 
_ = 例 a n d g { t ^ ) = n " m - y - a ) / { m ^ n r \ 

0. Thus, 

Since the objective of this chapter is to build the relationship between pulse arrival time and 
arterial blood pressure, it is necessary to express the pre-ejection time explicitly in the deduced 
mathematical equation. In Eq.(3.11), a luiique higher order polynomial is utilized to describe g(t) 
in both the isovolumic contraction and ejection phases, which makes the variable t difficult to be 
expressed explicitly in terms of ventricular pressure. Hence, we start our deduction from the 
activation function form described by Eq.(3.5), which gives a simpler form of g(t) in isovolumetric 
contraction phase. We rewrite Eq.(3.5) as follows: 

(1 > - ( “ ) " > 
,0<t<t, 
J. <t<t,. (3.5) 

Since pre-ejection period is the time length of isovolumic contraction, there exists PEP < tb. Thus 
from Eq.(3,5) we get: 

-{PEPlr,)a (3.12) g(PEP) 二 I 一 e 

Using Tayler Series to represent e — � " � � a t t=0, we get ^ = 1 -
T and 

Eq.(3.12) changes to be: 
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/ \ 

(3.13) 

where a is a positive integer. Substituting Eq.(3.13) into Eq.(3.4) and expressing PEP explicitly, 
we get: 

1 
r 

A y 

where P � d =“(厂v—的之 and ^ 

I A 

gitJ 

a 
(3.14) 

Since Eq.(3.5) is proposed under a constant heart rate (60 beats/min), arbitrary heart rate needs to 
be added. We follow the idea proposed by Ottesen and Danielsen [4] by using the relationships 
between heart rate and the time for peak pressure tp (Eq.(3.9)) and peak pressurepp (Eq.(3.10)): 

and 

’ � 丨 n + 
6' (3.9) 

(P p,max (3.10) 

Different from the polynomial form where the shape of g(t) is purely determined by tp, pp and fi, 
the shape of g(t) described by Eq.(3.5) is determined by tp, pp, 4，Tc andr^. Therefore, effect of 
changing heart rate needs to be expressed in terms of TC(H) ,rr(H) and tb(H) together with tp(H) 
mdpp(H). 

Since TC and are time constants indicating the increasing and decreasing speed of isovolumic 
pressure, if we calculate the ratio between r�and tp, and tp at heart rate frequency equals to 1 Hz 
(60 beats/min), these two ratios should not change at different heart rates if the corresponding 
normalized isovolumetric curves are identical with respect to tp. The ratio between tc and tp 
{rjauc), tr and tp {rjaur) at heart rate frequency equals to 1 Hz can be calculated from parameter 
values listed in Table 3.1. Then we get 

and 

\--/
 
，
 

s
 

•
 

w
 r.
 

^
 w
 -

J
 

r
 -A

 ̂

 

加

⑷
 

(3.15) 

p \ " J， (3.16) 

where rJauc = 0.57207 and rJaur = 0.86231. Substituting Eq.(3.15) and (3.16) into Eq.(3.6)，we 
get: 
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Fig. 3.5. (a) Calculated left ventricular pressure curves using Eq.(3.18)-(3.20) under different 
heart rates and (b) and normalized curves of the pressure curves in (a) with respect to tp and pp. 
In (a), the heart rates of the curves are: 42 beats min] (dash dot, thin curve), 54 beats min"̂  
(dash, thin curve), 60 beats rain'^ (solid, thick curve), 66 beats min'̂  (dash, thick curve), 72 
beats miifi (dash dot, thick curve). 

Fig 3.5 (a) shows the left ventricular pressure curves under different heart rates calculated from 
Eq.(3.18)-(3.20), and 3.5(b) shows the corresponding normalized curves with respect to pp and tp. 
The overlapping of the normalized curves in 3.5(b) validates the effectiveness of Eq. (3.18)-(3.20) 
to correctly describe the phenomenon reported by Regen et al. 1993 [18]. Combining the 
relationship of tp, pp, tb, tc andt, with heart rate and Eq. 3.14, we get: 

PEP:TC(H) 
V A { H ) J 

(3.21) 
where 
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Substituting Eq.(3.15), (3.16) and (3.17) into Eq. (3.7)，(3.8) and (3.5), it yields: 

P “ K， “ H ) = a(K - b f +(cK-d)F{ua,丑)，(3.18) 
F ( t , Q v , H � = f i t , H ) - (0 + KQl 《…,(3.19) 

and 
(1 一 f ("训))《) fi<t<t,(H) 

g ( t , H ) = 
(1 _ (丑))《 (丑))《 ，G ( H ) <t<t^- (3.20) 
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A(H) 
P 刺 . ( c K 厂 d ) 

gitAH)) (3.22) 

and 
g ( 广 ( 丑 ) ) = ( 1 — ^--[tp{H)lT,{H))a y[[t^{HymH))lr,{H))a (3.23) 

Eq.(3.21) is an explicit mathematical description of PEP in terms of DBP, which models the 
ventricular and arterial effects on PEP timing. 

3.2 Arterial modeling and the relationship between pulse transit time and 
arterial blood pressure 
Systematic arterial system is coupled to the left ventricle pump as its after-load. The arterial 
system has been modeled in mainly three ways: lumped models [20，22], tube models [8，41，80] 
and anatomically based distributed models [24，25]. In this section, a short review is first given 
interpreting the main model concepts and mathematical descriptions of these three types of models 
with comments on the main advantages and disadvantages. Then, the main idea of the asymmetric 
T-tube model is introduced followed by the detailed mathematical descriptions of this model both 
in frequency and time domain. Next’ we modify the asymmetric T-tube model by introducing a 
nonlinear pressure-volume relationship and express characteristic impedance, tube compliance and 
pulse transit time in the model as functions of changing arterial blood pressure. Combined this 
result with PEP-DBP relationship (Eq.(3.21)- (3.23)) deduced in section 3.1, the mathematical 
equation which relates pulse arrival time to arterial blood pressure is formulated. 

3.2.1 Current models of arterial system 
The lumped model, windkessel, is first qualitatively described by Stephen Hales in 1733 [19]. 
"Windekessel" is a German word which means fire engines with an air chamber (see Fig. 3.6 (a)). 
As envisioned by Hales, the arterial system works analogous to the Windkessel in a cardiac cycle: 
during systole the heart injects blood into the arterial system, distending the large arteries; during 
diastole the arteries recoil, propelling the blood continuously through the small arteries. Otto 
Frank [20] first quantified the Windkessel concept on the basis of conservation of mass in 1899 
and represented the arterial system by a two-element Windkessel model, as shown in Fig 3.6 (b). 
In Fig 3.6 (b), P!" and Qi„ represent the blood pressure and volume at the aortic root, respectively. 
Cw is the total arterial compliance and Rw is the total peripheral resistance. In a two-element 
Windkessel, there is: 

+ (3.24) at K^ 
where the term compliance (C^) is commonly used to describe the change in volume stored (V) 
per change in input pressure and R^ is calculated from the average pressure (Pi„) per 
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(3.25) 

(3.26) 

The two-element Windkessel predicts that in diastole, when the aortic valve is closed, pressure 
will decay exponentially with a characteristic decay time R^Qv 

P 出 a = P 产 c � � (3.27) 
where P îa is the diastolic blood pressure and Pes is the blood pressure at end systole. 

The two-element Windkessel model describes the whole arterial system in terms of a 
pressure-flow relation at its entrance, by two parameters that have physiological meanings. 
However, it was later founded that in systole the relation between pressure and flow was poorly 
predicted by the two-element Windkessel, and in frequency domain, the high frequencies of the 
input impedance predicted by the two-element Windkessel is inconsistent with the experimental 
results of aortic input impedance in mammals [21]. In order to overcome this shortcoming, the 
characteristic impedance of aorta which equals to the input impedance modulus at higher 
frequencies is added as the third element into the Windkessel model [22], which is shown in Fig. 
3.6 (c). Compared with the two-element model, three-element Windkessel is able to predict the 
main features of the input impedance in both the lower and higher frequency ranges and thus is 
utilized widely to mimic the systematic arterial function. 

< K 

PinQin _ _ Pi vA/ 

(a) (b) (c) 
Fig. 3.6. (a) Conceptual representation of windkessel. C: compliance of large arteries; R: total 
resistance of small arteries; Qi„ and Qoui- flow into and out of arterial tree, (b) Two-element 
Windkessel model. input pressure at aortic root; Qy and jR̂ - total arteiral compliance and 
total peripheral resistance, respectively, (c) Three-element Windkessel model. Zg： 
characteristic impedance; Pj： pressure on the total arterial compliance. 

Due to its simplicity and the capability of revealing some gross features of arterial hemodynamics, 
Windkessel models have been widely utilized in the ventricular-arterial coupling applications [23] 
[24]. However, the lumped model assumes infinite pulse wave velocity along the arteries. This is 
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Fig. 3.7. (a) A distributed arterial model composed of 55 arterial segments [25], (b) the single 
tube model and (c) the asymmetric T-tube model in [29]. Q: tube compliance; Zo： tube 
characteristic impedance; Cph： phase pulse wave velcocity; P(t): aortic blood pressure; Q(t), 
Qh(t), Qb(t)'- blood flow in the aorta, upper body and lower body tube, respectively; Zch, Zcb-
characteristic impedance in the upper and lower body tube, respectively; tch tcb- pulse transit 
time in the upper and lower body tube, respectively; RQI, R^, C": terminal resistance, peripheral 
resistance and terminal compliance at ith branch, i= h, b. 

The tube model combines the ideas of the lumped and distributed arterial models [26-29]. In the 
tube models, arterial system is represented by elastic tubes ended with the complex loads (see Fig. 
3.7 (b) and (c)). The elastic tube considers the wave transmission in the big, elastic artery and the 
complex load is represented by a lumped model, e.g. three-element Windkessel model. Arterial 
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unrealistic and ignores the important wave transmission and reflection phenomenon which 
substantially influences ventricular-arterial coupling conditions. For example, wave transmission 
characteristics of the arterial load can affect left-ventricular pumping depending on the timing and 
strength of related waves as they return to the aortic root from the periphery. 

On the other hand, the distributed models consider the finite pulse wave velocity on the arterial 
segments and regard the arterial system as a network of elastic tubes [24, 25]. Fig 3.7 (a) shows a 
distributed model composed of 55 anatomically based arterial segments [25]. Hemodynamic 
condition in each segment is described by a group of partial differential equations based on 
conservation of mass and balance of momentum, and the blood pressure and flow is then obtained 
by solving these partial differential equations. Compared with the Windkessel model, the 
distributed models are much more realistic and reveal more information of the peripheral 
circulation. However, the mathematical descriptions are extremely complex and cost a large 
amount of calculation time, which does not lead distributed itself to easy simulation. Moreover, 
not only are there insufficient data on localized vascular properties to serve as inputs to the model, 
but it is also difficult to evaluate the effect of alterations in one or more of these elements on the 
impedance of the entire system. 
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pulses transmit on the elastic tubes while reflect at the junctions of the tube and its complex load. 
Tube and its load are coupled in the way that the load impedance equals to the characteristic 
impedance of the tube at high frequencies. There are mainly two types of tube models: a single 
tube model [27] (see Fig. 3.7 (b)) and an asymmetric T-tube model [26, 28-29] (see Fig. 3.7 (c)). 
The former assumes that the systemic arterial tree, as seen jfrom the heart, can be represented by a 
uniform tube with a single effective reflection site [27] [30]. The latter assumes the presence of 
two functionally discrete reflection sites, one for the upper body and the other for the lower body 
[26]. Based on data where this diastolic oscillation was not evident, a good representation of the 
arterial pressure-flow relationships was achieved using a single tube model [30]. This model, 
however, is not suitable to describe the arterial system when a diastolic oscillation in pressure is 
evident [26]. In this case, the asymmetric T-tube may be more appropriate. 

To summarize, compared the pure lumped and distributed models, the tube model is a good 
trade-off between the precision and complexity of arterial model and is capable of describing the 
wave transmission and reflection phenomenon. Compared with the single tube model, the 
asymmetric T-tube model is more realistic to the anatomical structure of the systematic arterial 
system and provides better prediction of arterial pressure wave characteristics during diastole. 
Hence，this model is adopted in this work to represent the arterial load to the fore mentioned 
pressure-source ventricular model. 

3.2.2 Asymmetric T-tube model 
The asymmetric T-tube model was first conceptually proposed by McDonald in 1960s [26] when 
he tried to explain the positions of the multiple maxima and minima in the observed ascending 
aortic impedance spectra which is difficult to be explained by the single tube model. As shown in 
Fig. 3.7 (c), the asymmetric T-tube model consists of two elastic tubes of differing lengths, one 
being the result of all arterial terminations in the upper part of the body, and the other the result of 
all terminations in the lower part of the body. Due to this design, differing relative lengths of the 
upper and lower extremities in species with differing body shapes could be conceptualized as 
different lengths of the tubes, thereby accounting for the different impedance patterns. This notion 
was later utilized by O'Rourke and co-workers as a conceptual one to explain arterial impedance 
patterns and pressure and flow wave shapes in a variety of animals and in humans [31]. 
Furthermore, variant mathematical descriptions can be built under the same model concept by 
using different assumptions on the tube properties and complex load structures, which make this 
model easy to be adapted to widespread applications [28-29,32-33]. 

The asymmetric T-tube model adopted in this work is the version proposed by Burattini and 
Campbell in 1989 [28]. This version assumes that the transmission paths have no fiictional losses 
and are terminated with complex impedances. Validation work has shown the ability of this model 
to accurately reproduce pressure and flow waves in the ascending aorta and proximal descending 
aorta [28]. Furthermore, this model is rather suitable for ventricular-arterial coupling since the 
time domain interpretations have already been developed and validated [29]. 

The electrical analog of the asymmetric T-tube model proposed in [28] is shown in Fig. 3.8. The 
model parameters are described in the legend. The short and long tube lengths dj and dj. 

53 



Fig. 3.8. Electrical analogue of the asymmetric T-tube model proposed in [28]. Tube 1 and 
tube 2 represent upper and lower body circulation, respectively. Their characteristic 
impedances are Zc；, and Zc2, respectively. Load compliances are Ci, and Cz, respectively. 
Distributed compliances are cj and q and distributed inertances are /； and /�.Tube lengths are 
di and d2. Peripheral resistances of upper and lower circulations are Rpi and Rp2, respectively. 
Total peripheral resistance is given by the parallel of these two. Q(t) is ascending aortic flow 
and P(f) is ascending aortic pressure. Qi(t) and Q2(t) are flows to the upper and lower body, 
respectively. Their sum equals Q(t). 

respectively, representing the distances to the effective reflection sites located in the upper and 
lower body circulations. The sum 

C, = Ci + C2 + (qt/i) + {c^d^) (3.28) 
represents total compliance of the systemic arterial bed. Total peripheral resistance (ratio of mean 
ascending aortic pressure P to cardiac output is 

= (3.29) 
Characteristic impedance of each tube is a real constant since these tubes have no frictional losses 
(Zcf = ). For high frequencies the individual tube load reduces to the parallel of 
characteristic impedance and peripheral resistance. Since Zd is small with respect to Rpi, the 
resulting equivalent resistance is close to Zd. Regional wave reflection is therefore negligible at 
these frequencies and the impedance as seen at the input of the parallel tubes (joining with 
ascending aorta) can be approximated by the parallel of Zd and Zc2. 

In the frequency domain (gq) the input impedance of individual tubes assumes the following 
expression: 

淋 冗 Z：嗣；：：/：̂，— 1，2， (3.30) 

where /i is the propagation constant and Zu is the load impedance. This quantity is complex and. 
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in general, can be written as follows: 
(3.13) 

where a! is the attenuation constant (equal to zero for a frictionless tube), and Pi is the phase 
constant. The latter is related to the velocity of propagation of a sinusoidal wave in the tube (phase 
velocity, Cpi) by the following equation: 

= (3.32) 
The load impedance has the following expression: 

2 i , ( /w) = i ? � + _/tyC,.Zj/[l + X ^ , + z J ， i = 1，2. (3.33) 
The impedance, as seen from the entrance of the model (ascending aorta input impedance), results m 

(3.34) 

In order to merge the asymmetric T-tube model easily to time-domain characterizations of the left 
ventricular for the study of left ventricular-arterial interaction, Campbell et al 1990 formulated the 
asymmetric T-tube model in the domain as follows [29]: 
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where 

仅/ 

^0/ . 

风 i + Rpi 
礼 / + Rpi 

’/=1，2， (3.36) 

and 
2凡A 

A -

(3.37) 

2礼C" 
=1，2, (3.38) 

where xi(t), X2(t) are state variables representing the pressures across Q! and C/2 (for locations of 
Cij and C/2, see Fig. 3.8), respectively, and Tj, Tz are the pulse transit times for the pressure wave 
to transmit from aortic arch to the upper and lower body effective terminals, respectively. And 
there exists: 

cA I I "’=1，2. (3.39) 

Campbell et al validated the above formulations (Eq.(3.35)-(339)) by comparing the pressure and 
flow waveforms predicted by Eq.(3.35)-(3.39) with the measured data from anesthetized 
open-chest dogs under different vasoactive states [29]. The results showed that the T-tube model 
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(b> 
Fig. 3.9. Exponential model of (a) transmural pressure versus volume relationship and (b) 
corresponding compliance curve [37-38]. 

The biomechanical properties of the arterial wall under variant blood pressure can be described by 
a nonlinear (S-shape) arterial pressure-volume relationship as shown in Fig. 3.9 (a) [37]. In Fig. 
3.9 (a), the x axis is the transmural pressure 尸/，which is defined as: 

P t=Pi -Po^ (3.40) 
where P； is the intra-arterial blood pressure and P � i s the extra-arterial pressure. We assumes P � a s 
zero and there exists P .̂ Further, since the arterial blood pressure in our application is 
assumed within the physiological range, i.e 50-250 mmHg, we only consider the curve segment 
where Po>0 in Fig. 3.9(a). 

In 1982, Hardy and Collins proposed a generalized equation of pressure-volume relationship [37] 
and showed that the equation fitted the previously published atrial, ventricular, venoeous and 
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fitted the data well in all formulations and in all vasoactive states [29]. Fig. 3.12 in later section 
3.3.1 depicts the measured and predicted aortic blood pressure and flow waveforms from one dog 
for basal, vasoconstricted and vasodilated states. 

When it comes to the application in this work where the relationship between pulse transit time 
and arterial blood pressure is investigated, the above model shows a significant shortcoming: the 
tube parameters (characteristic impedance Zd, tube compliance c； and pulse transit time T;) do not 
change inherently with arterial blood pressure. This is in contrast to the experimental observations 
that these parameters changed when arterial blood pressure altered [34-36]. Hence, a relationship 
between tube parameters and arterial blood pressure has to be embedded into the model 
formulations, which is discussed in section 3.2.3. 

3.2.3 Pressure-volume relationship in elastic artery 
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arterial data measured on animals and human being. The equation describes the pressure-volume 
relationship as follows: 

dV W^-v) ^ ， 
(3.41) 

where Jt is a constant, having dimensions of compliance, characterizing the elastic property of the 
vessel wall and surrounding tissue while V̂  is a limiting value of the vessel volume. Explicit 
expression of volume 厂 with respect to transmural pressure P, can be obtained by integration and 
rearrangement of Eq.(3.41) 

where 

� K 

(3.42) 

(3.43) 

with Vo, Po being the values of Fand P, respectively, at an arbitraiy point on the pressure-volume 
curve. If this arbitrary point is at Pt=0, there is 

Cm p, 
(3.44) 

where Cm is the maxinram compliance at Pt~0, as indicated in Fig. 3.9 (b). Taking the derivative 
of Pt on both sides of the Eq. (3.44), we get 

Cm p, 
‘ ‘ (3.45) 

From Bramwel-Hill equation [36], we have 

PWV = V 
P 

(3.46) 

where pis the density of blood, equal to 1050 kg m^. Substituting Eq.(3.44)-(3.45) into Eq.(3.46), 
and let PWV = ~—~, we have PTT 

PTT = L Kl 
pC„ 

Cm 
,厂》-厂0 K-Vq 

PCM 
(3.47) 

where L is the length of pulse travelling. Since the arterial characteristic compliance (Z )̂ per unit 
length is defined as 

pdP, 
MAC/A (3.48) 

Substituting Eq.(3.44)-(3.45) into Eq.(3.48), it yields 
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100 200 300 400 500 600 700 800 900 1000 1100 
Time [sec] 

Fig. 3.10. A comparison ofPTT measured from aortic root to radial artery (reference) and PTT 
estimated from asymmetric T-tube model (estimated) on. swine subject #1 in [42]. The 
physiological condition undergoes a dynamic transient between 500s and 700s. The bias 
between the red and blue time series is about 40 ms. 

Z = 
p p 

� 
厂'‘ (3.49) 

Eq.(3.45), (3.47) and (3.49) represent arterial tube compliance, characteristic impedance and pulse 
transit time as functions of arterial blood pressure. Then the question comes to whether these 
functions can be substituted into the asymmetric tube model (Eq.(3.35)-(3.39)), which can only be 
done after the confirmation of the physiological relevance of the tube model parameters. Burattini 
and Campbell in 1993 [39] found that, on anesthetized, open-chest dogs, the predicted parameters 
of the body tube branch fitted well with the measured data on the descending aorta in the chest and 
abdominal regions: 1) predicted pressure wave shape at the termination of the body tube fitted 
well with the pressure waves measured in the abdominal aorta near the origin of renal arteries; 2) 
calculated body tube length {J2, averaged 30.3 士 2.8 cm) approximates the measured length from 
the aortic arch to the region of renal arteries (averaged 30.6±3.0 cm); 3) the calculated body tube 
compliance is comparable to the published data [40] and can be interpreted as the descending 
thoracic aortic compliance. These observations were supported by a later study conducted also on 
dogs by Shroff et al in 1995 [41] where the physiological relevance of both the higher and lower 
tube parameters were tested and validated by introducing local balloon inflation and vasoactive 
drugs. Recently, HaJbn and his colleagues [42] compared the pulse transit time estimated from the 
asymmetric T-tube model and the measured data on five swine subjects from aortic root to radial 
artery and the results showed the measured aortic-radial pulse transit time can be accurately 
estimated by the estimated data if the estimated PTT is calibrated by a constant bias. They also 
pointed out that the bias was probably due to the shorter length of effective tube compared with 
the measured real arterial segment. Fig. 3.10 shows the data from swine subject #1 in their 
experiment. It is clear that the PTT estimated from the tube model is able to trace the change of 
real PTT measured on site, with an approximate constant bias. 
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Q{t^P)= Z c i ( 耿 2 � 測 

——-~�t — I\ (P)) + - X 2 
K { P ) ‘ ” Ro2(P) 

PTT.(P) = TXP) + AT. 

‘ K J^P K-Vo 
\ 

� 2 
pC. 

•e 
PC„ 

+ AT 
(3.52) 

/二1，2， 

ZJP) e 

2C„ -p 

\ p p ，(3.53) 

們 
PI 

R p � Z丄 F ) ， 
(3.54) 

1 
(3.55) 

and 
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and 

where 

According to the observations of studies mentioned above, we assumed that the tube parameters in 
the asymmetric T-tube model can represent the real physiological data measured in situ. Therefore, 
Eq.(3.45), (3.47) and (3.49) can be substituted into the time-domain formulations of the T-tube 
model (Eq.(3.35)-(3.38)), which yields: 

dxXt.P) _ 
dt 

(3.51) ZJ 2P{t-T,{P)) 

(3.50) \
—
/
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队F) (3.56) 

where ATi is constant, representing the bias between the measured and estimated pulse transit 
time. 

We combine Eq.(3.52) with Eq.(3,21) and it yields the equation which relates pulse arrival time to 
arterial blood pressure: 

P A T , i P ) = 
/ a \ 

\ pCm pc‘ J 

+ 、 ( 丑 ) 

/ 
層 - 。 

A{H) 
\ 

J 

(3.57) 
+ AT 

It is clearly shown in Eq.(3.57) that the relationship between pulse arrival time and arterial blood 
pressure is determined by both vascular and cardiac functions. In order to investigate the influence 
of different cardiac and vascular parameters to such a relationship, heart-arterial interaction is 
studied and related simulation results were shown in the next sections. In addition，we are 
particularly interested in revealing the mechanism under the correlation between PAT measured on 
the finger (upper body PAT) and SBP, DBP, MBP during dynamic exercise, since our experimental 
data indicated that PAT measured on the finger showed excellent linear correlations with SBP and 
MBP during our exercise experiments but failed to correlate strongly with DBP (for detail, see the 
experimental results in Chapter 5). We are also interested in revealing the roles played by PEP and 
PIT on the change of PAT under different physiological conditions. 

3.2.4 Modeling heart-arterial interaction 
In this section, we couple the pressure source model represented by Eq.(3.18)-(3.20) with the 
modified asymmetric T-tube model represented by Eq.(3.50-3.56) to study the heart-arterial 
interaction. The mechanical interactions between the left ventricle and the vascular system are 
idealized with the following assumptions: 1) aortic pressure (P(t)) is equals to the left ventricular 
pressure (pv) during ejection; 2) aortic valve is closed when the flow rate into the aorta from the 
left ventricle is equal to zero. 

The arterial flow follows the interaction between the heart and the arterial system. Ventricular 
volume (Fv) and outflow Qy (equals to Q(t,P) in Eq.(3.50)) are related as: 

dK 
dt = — a (3.58) 

The combined model can be solved numerically with an iteration scheme. An iteration loop starts 
at the onset ofventricule isovolumic contraction {t=0). As the ventricular contracts isovolumically, 
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the time course ofpy is given by Eq.(3.18), andpy rises until an initially assumed valve for DBP is 
reached. Then, the aortic valve opens and the heart starts to eject At each further time step, aortic 
flow (Qv) is determined such that the increase in aortic pressure (P(t)) relative to diastolic blood 
pressure (DBP) matches the increase in py. The end of left ventricular ejection is reached when Qv 
become negative, and it is further assumed that Qv=0 in diastole. At the end of the first iteration is 
obtained and a new cycle calculated. The iteration continues until the difference in DBP between 
two successive iteration loops is less than 1%. The model has been programmed in Matlab 7.1 
(The Mathworks, Inc.). 

3.3 Simulation 

3.3.1 Validation of the model 

The model was tested by using available data from previous experiments on the anesthetized 
open-chest dogs reported in other literatures [29]. Table 3.2 listed values of all the cardiac and 
vascular parameters utilized in the validation. The parameters of pressure-source model are 
obtained from Mulier's [1] and Danielsen's [2-4] studies. For the modified asymmetric T-tube 
model, the parameters Vg, V^ and Cm are estimated from the dog's data reported in [40]. Tube 
effective lengths /； and /； are obtained from the dog's data summarized by Burattmi and Campbell 
[43]. Parameters which characterize the load characteristics were separately assigned according to 
different vasoactive states, according to the group-averaged data reported in [29]. Other 
parameters in the T-tube model are variables determined by the instantaneous arterial blood 
pressure. We made use of the parameters listed in Table 3.2 to test if the new model is able to 
reproduce the mean blood pressure and flow data reported in [29] and also demonstrate the basic 
features of blood pressure and flow waveforms at different vasoactive states. 

Table 3.3 shows the comparison of measured mean blood pressure and flow data reported in [29] 
and those estimated by the new model. The close agreement between measured and estimated data 
indicated that the new model is able to mimic the real hemodynamic conditions in dogs. Fig. 3.11 
demonstrates the aortic blood pressure and flow waveforms simulated by the new model under 
different vasoactive states. This figure reveals several similar observations as reported by 
Campbell et al: a) due to enhanced wave reflections，the peak pressure occurred from early systole 
in basal state to late systolic in vasoconstricted state; b) due to reduced wave reflections the 
pronounced diastolic wave in basal state becomes less pronounced in vasodilated state. Fig. 3.12 
shows the aortic blood pressure and flow waveforms measured from one dog in [29]. The 
simulated waveforms in Fig. 3.11 and waveforms on dog (Fig. 3.12) are close both in wave shapes 
and magnitudes of SBP, DBP and peak flow under different vasoactive states. 
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Table 3.2 Parameters of modified asymmetric T-tube model and modified pressure source 
model. 

Pressure-source model (Eg. (3.18)-(3.20)) 
Parameter value unit Parameter Value Unit 
a 0.007 mmHg/mf ^p.min 0.1859 s 
b 5 Ml ip.max 0.2799 s 
c 3.2 mmHg/ml Pp,mm 0.842 
d 1 mmHg Pp.max 1.372 
a 3 9 1.66 
ki smr^ V 9.9 
k2 L5XlCf6 smfi 0 1.83 
K 0.45 n 17.5 
rjauc 0.57207 rjaur 0.86231 

Modified asymmetric T-tube model (Eq.(3.50~3.56)) 
Parameter value unit Parameter Value Unit 
P 1050 kg . m'^ 厂m 3.0 ml 
Vo 0.1 ml Cm 0.015 ml • mmHg'^ 
h 12 cm h 30 cm 
ATj 60 ms 股2 0 ms 
Basal 
Qi 9.50X10'^ ml • mmHg-i Rpi 94.8 mmHg • s ‘ ml] 
C/2 1.76 xm^ ml . mmHg-i Rp2 45.4 mmHg • s . mP 
Vasoconstriction 
Cu 6.62X10-5 ml ‘ mmHg] Rpi 138.1 mmHg • s . mr� 
C/2 0.91X10^ ml . mmHg-J Rp2 86.8 mmHg . s . ml! 
Vasodilation 
Cu 12.9X^5 ml • mmHg-J Rpl 81.2 mmHg - s . ml] 
Cu 3.04 Xl(f ml • mmHg Rp2 27.6 mmHg • s . mT^ 
The values with italic style are those obtained from literatures. For detailed explanation, please 
refer to the text. 

Table 3.3 Hemodynamic data reported in [29] and those estimated by the proposed model. 
Vasoactive 
status P Q Vasoactive 
status 

^meas 
(mmHg) 

Pes, 
(minHg) 

Error (%) Qmeas 
(1 . min') 

Qes. 
(I . min-i) 

Error 
(%) 

Vasoconstricted 135.7 136.5 0.59 2幻 2.52 -3.82 
Basal 85.1 85.4 0.04 2.83 2.74 -3.18 
Vasodilated 51.6 53.1 2.91 2J3 2.52 -0.40 
The values with italic style are those reported in [29]. 
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Fig. 3.11 Simulated aortic blood pressure (left column) and blood flow (right coluimi) from the 
proposed model by using group-averaged T-tube parameters reported in [29] and selected 
ventricular parameters in this work. 
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Fig. 3.12 Comparison of aortic blood pressure (left column) and blood flow (right colmrm) 
waveforms measured from one dog (solid line) at different vasoactive states [29] and those 
simulated by the asymmetric T-tube model (dashed line) proposed in [29]. 
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Fig. 3.13 Effects of changing heart contractility on hemodynamic characteristics (a) SBP, (b) 
DBP，(c) MBP, (d) finger PAT, (e) finger PTT, (f) PEP, (g) PP, (h) SV and (i) CO. 
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fijiger PAT 

3.3.2 Effect of changing heart contractility (c) 
The heart contractility (c) changes from 1 to 5 with a step of 0.1, while the parameters for HR, 
pre-load of the ventricle (end-diastole Vvd), upper and lower terminal peripheral resistance {Rpj and 
Rpi) and arterial stif&ess (Cm) were kept unchanged. The effects of variations in heart contractility 
on various hemodynamic parameters are shown in Fig. 3.13. Systolic blood pressure (SBP), 
diastolic blood pressure (DBP), mean blood pressure (MBP) are defined as the highest value, end 
value and mean value of the aortic blood pressure wave at each cardiac cycle. Pulse pressure (PP) 
equals SBP minus DBP. Pre-ejection time (PEP) is the time delay from the start of ventricular 
contraction {t=0 in each cardiac cycle) to the time when aortic valve opens, and finger PTT equals 
to ATi plus the pulse transit time {Tj) calculated from the upper tube. Finger PAT is the summation 
of PEP and finger PTT. Stroke volume (SV) is the summation of left ventricular flow in a 
cardiac cycle and cardiac output (CO) is the product of SV and HR. 

The increase of heart contractility enhanced the cardiac function, which is reflected by the rising 
stroke volume, cardiac output. Since aortic compliance is unchanging, the pulse pressure increases. 
The after-loads, SBP, DBP and MBP, are also augmented, under the same vascular states. Finger 
PAT, finger PTT and PEP are all decreasing with enhanced heart contractility. 

Computational results show that finger PAT, finger PTT and PEP all have a significant negative 
correlation with SBP, DBP and MBP, respectively (r =-0.99’ p<0.01, for all above). Fig. 3.14 
demonstrates the changes in finger PAT in relations to SBP, DBP and MBP under changing heart 
contractility. 
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Fig. 3.15 Effects of changing ventricular preload on hemodynamic characteristics (a) SBP, (b) 
DBF, (c) MBP, (d) fmger PAT, (e) finger FTT，(f) PEP, (g) PP, (h) SV and (i) CO. 
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3.3.3 Effect of changing ventricular preload (VyJ) 
The end diastolic volume (Fyj) changes from 20 ml to 50 ml, with a step of 1 ml, while the 
parameters HR, heart contractility, upper and lower terminal peripheral resistance (Rpj and Rp2) 
and arterial stiffiiess (Cm) were kept unchanged. The effects of variations in ventricular preload on 
various hemodynamic parameters are shown in Fig. 3.15. The increase of pre-load brings similar 
changes to the model output variables as that of the enhancing heart contractility. The only 
exception is the pre-ejection, which decreased much less than that during increasing heart 
contractility. 

Computational results show that finger PAT, finger PIT and PEP have significant negative 
correlations with SBP, DBP and MBP (r =-0.99, p<0.01, for all). Fig. 3.16 demonstrates the 
changes in finger PAT in relations to SBP, DBP and MBP with changing ventricular preload. 
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Fig. 3.17 Effects of changing lower body peripheral resistance on hemodynamic characteristics 
(a) SBP, (b) DBF, (c) MBP, (d) fmger PAT, (e) finger PIT, (f) PEP, (g) PP, (h) SV and (i) CO. 
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3.3.4 Effect of changing lower (Rb) and upper (Rh) body peripheral resistances 
The total peripheral resistance of the asymmetric T-tube model can be changed by varying either 
upper or lower tube peripheral resistance. Since finger PTT is measured on the upper branch, we 
separately change the upper and lower peripheral resistances to see the possible differences effects 
if any. First, the lower peripheral resistance {Rp^ was changed from 1 mmHg . s • ml"̂  to 5 
mmHg . s . ml"̂  with a step of 0.1 mmHg . s • ml"^ while other parameters including HR, heart 
contractility, pre-load of the ventricle (end-diastole Fy), arterial stiffiiess (C^) and upper terminal 
peripheral resistance (Rpi) were kept unchanged. The effects of variations in lower peripheral 
resistance on various hemodynamic parameters are shown in Fig. 3.17. 

Under the same cardiac function, the increased peripheral resistance elevated the SBP, DBP and 
MBP. However, PP decrease, which is consistent with the decreasing of stroke volume and cardiac 
output. The finger PTT and PEP show different changing trends with elevated peripheral 
resistance. Since PEP increased more than the drop of finger PTT, it dominate the changes of 
fmger PAT. 

Computational results show that both finger PAT and PEP has significant positive correlations 
with SBP, DBP and MBP (r = 0.99’ p<0.01), meanwhile, fmger PTT has significant negative 
correlations with SBP, DBP and MBP (r = -0.99, p<0.01). Fig. 3.18 demonstrates the changes in 
fmger PAT in relations to SBP, DBP and MBP. 
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Fig. 3.19 Effects of changing upper body peripheral resistance on hemodynamic characteristics 
(a) SBP, (b) DBP, (c) MBP, (d) finger PAT, (e) finger PTT, (f) PEP, (g) PP, (h) SV and (i) CO. 
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Second, the upper body peripheral resistance (i?̂；) was changed from 2 mniHg - s - ml" to 10 
mmHg • s . ml] with a step of 0.2 ramHg • s - inl'^ while other parameters including HR, heart 
contractility, pre-load of the ventricle (end-diastole VvJ), arterial stiffiiess (Cm) and lower terminal 
peripheral resistance (Rp2) were kept unchanged. The effects of variations in lower peripheral 
resistance on various hemodynamic parameters are shown in Fig. 3.19. The changes of model 
output variable induced by increased Rp! have qualitative similarity to the changes induced by Rp2, 
except for the pulse pressure, which is almost unchanging. The changes of SV, CO, SBP and PEP 
are almost the same as that induced by Rp2. The quantitative changes of other parameters, however, 
are much smaller than that induced by Rp2. For example, the drop of DBP is just half of that 
induced by Rp2. 

Computational results show that both finger PAT and PEP have significant positive correlations 
with SBP, DBP and MBP (r = 0.99, p<0.01), meanwhile, fmger PTT has significant negative 
correlations with SBP, DBP and MBP (r =-0.99, p<0.01). Fig. 3.20 demonstrates the changes in 
finger PAT in relations to SBP, DBP and MBP. 
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Fig. 3.21 Effects of changing heart rate on hemodynamic characteristics (a) SBP, (b) DBP, (c) 
MBP, (d) finger PAT, (e) finger PTT, (f) PEP, (g) PP, (h) SV and (i) CO. 
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3.3.5 Effect of changing heart rate (HR) 
HR changes from 60 beats min"̂  to 200 beats min'^ with a step of 5 beats min'', while the other 
parameters heart contractility, preload, upper and lower terminal peripheral resistance (Rpj and Rp2) 
and arterial stifl&iess (Cm) were kept unchanged. The effects of variations in HR on various 
hemodynamic parameters are shown in Fig. 3.21. The SBP and DBP increase phase in phase with 
rising of heart rate, which make pulse pressure nearly a constant. Finger PTT decreases with heart 
rate increases, while the changes of PEP fluctuate with heart rate changing. The trend of PAT 
changes is roughly decreasing whereas with fluctuation similar to that of PEP. Stroke volume 
curve roughly decreases with increasing heart rate, where a small increase happens at the middle 
of the curve. Cardiac output increases as heart rate increases. 

Computational results show that finger PAT, finger PTT and PEP have significant negative 
correlations with SBP, DBP and MBP (p<0,01 for finger PAT and PTT, p<0.05 for PEP). The 
correlation coefficients between finger PTT and BP values are -0.99. The correlation coefficients 
for finger PAT are: finger PAT versus SBP (r = -0.89); finger PAT versus DBP (r = -0.87); finger 
PAT versus MBP (r = -0.87). The correlation coefficients for PEP are: PEP versus SBP (r = -0.46); 
PEP versus DBP (r = -0.41); finger PAT versus MBP (r = -0.42). Fig. 3.22 demonstrates the 
changes in finger PAT in relations to SBP, DBP and MBP under changing heart rate. 
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Fig. 3.23 Effects of changing arterial compliance on hemodynamic characteristics (a) SBP, (b) 
DBP, (c) MBP, (d) fmger PAT, (e) finger PTT, (f) PEP, (g) PP, (h) SV and (i) CO. 

75 

3.3.6 Effect of changing arterial compliance (C^) 
Maximal tube compliance changes from 0.005 to 0.05 ml mmHg'^ with a step of 0.001 ml 
mmHg-i，while the other parameters heart contractility, preload, upper and lower terminal 
peripheral resistance {Rpi and Rp2) and heart rate were kept unchanged. The effects of variations in 
Cm on various hemodynamic parameters are shown in Fig. 3.23. The variation of maximal tube 
compliance does not result in wide changes in most of the model output variables, expect for the 
pulse pressure, which decreases by a certain amount due an increase in DBP and decrease in SBP 
with changes of C^ 

As shown in Fig. 3.23，magnitude of the finger PAT changes is within a small range and the 
changing trend is dominated by the rise of PEP at the beginning and dominated by the falling 
down of fmger PTT at the middle to the end, which results in an insignificant correlation 
coefficient between finger PAT with DBP, SBP and MBP. Finger PTT shows a significant, 
negative correlation with DBP (r = -0.81，p<0.01) and MBP {r = -0.89，p<0.01) whereas a 
significant, positive correlation with SBP (r = 0.66，p<0.01). PEP shows a significant, positive 
correlation with DBP (r = 0.99，p<0.01) and MBP (r = 0.97，p<0.01) whereas a significant, 
negative correlation with SBP (r = -0.86, p<0.01). Fig. 3.24 demonstrates the changes in finger 
PAT in relations to SBP, DBP and MBP under changing maximum tube compliance. 

r
a
 
叨

 S
 

1

1

1
 

(
S
E
)

 i
v
d

」
s
6
u
y
 

班

郎

<

8
 
§
此
 

(
s
s
)

 t
d
s
s
u
u
 

CO ®
 

直
d
S
d
 

(
l

‘
i
l
)
8
 

O
E
)
A
S
 

(
6
H
e
e
)
 a
d
 

！

？

叨

K

叨

北
 

(
e
H
u
l
t
u
)
 a
m
s
 

3

 T
O

 S
 

(
I
S
H
S
E
)
 d
a
o
 

1

1

1
 

(
S
H
e
E
}
 d
g
w
 



Pig-3.24 pm 82 
OWs MBP 

(巾刚Q 

" " � a ) � 
如p 

76 

Qos� 
0.04� 

003� . … 
OQT, 

1洛、 

A . 

160 
9S 

(a) 

Wo 10s ”0 
SBP,^ 

lis 



3.3.7 Simulation on mimic exercise condition 

In this section, model parameters were changed in a trend to mimic the condition of dynamic 
exercise. Dynamic exercise increases HR from a resting level of 65-75 beats miiT! to individual 
maximum HR (around 200 beats rain'^ for at age 20 years, but falling by around 1 beat/nim per 
year). During exercise, two factors inducing more venous return increase the end-diastolic 
ventricular volume (VvJ). One is the increased negative pressure inside the thorax during 
inspiration that results from larger tidal volume. The other is external compression of veins in the 
moving limbs by muscle contraction (muscle pumping) and in the abdomen by abdominal wall 
muscle activity during expiration. The heart contractility (c) is enhanced by the presence of 
sympathetic activation, meanwhile, the smooth muscle in the proximal aorta receives a 
sympathetic innervation and contraction of these muscle cells reduces aortic compliance (C饥).In 
the peripheral, due to the sharp increase of metabolic level of the skeletal muscle, the local blood 
flow can increase by 10-20 folds compared with the values at rest, which results in the peripheral 
vessel dilation and a reduction of peripheral resistance. 

According the exercise cardiology mentioned above, we change the model parameters as follows: 
HR: from 110 to 200 beats min\ with a step of 4.5 beats mirf�; 
Vyj： from 40 to 60 ml, with a step of 1 ml; 
Contractility (c): from 3 to 6，with a step of 0.15; 

from 0.015 to 0.007 mlmmHg\with a step of-0.0004 mlmmHg^] 
Rh： 6 to 2 mmHg . s - m", with a step of -0.2 mmHg • s • mf^; 
Rb： 3 to 1 mmHg . s . ml^ with a step of-0.1 mmHg . s . mt^'. 

The effects of dynamic exercise on various hemodynamic parameters are shown in Fig. 3.25. In 
Fig. 3.25, the x axis demonstrates the exercise levels indicated by changes of model parameters 
according to their trends mentioned above. Stroke volume and cardiac output increases 
significantly with higher exercise level. SBP also increases sharply, while DBF increases at the 
lower exercise level and decreases at the higher levels. MBP also rises by a large amount whereas 
drops a little at the very high exercise levels. PEP decreased obviously, while the change of finger 
PTT is not much. Finger PAT decreases as exercise level increases. 

Finger PAT shows significantly high and negative correlations with SBP (r = -Q.99, p<0.01) and 
MBP (r = -0.93，p<0.01) whereas a moderate correlation with DBP (r = -0.65, p<0.01). Finger 
PTT only shows moderate correlation with DBP during dynamic exercise (r = -Q.65,p<0.01). PEP 
shows similar correlations to BP values to the situation of finger PAT: PEP versus SBP (r = -0.97, 
p<0.01); PEP versus MBP (r = -0.90，p<O.Oiy, PEP versus DBP (r = -0.59，p<0.01). Different 
from the case of PEP and finger PAT, finger PTT shows a significantly high, negative correlation 
with DBP (r = -Q.91 ,p<0.01). The correlations of PTT to MBP and SBP are r = -Q.95, p<0.01 and 
r = -0.80,/7<0.0/, respectively. 
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Fig. 3.25 Effects of dynamic exercise on hemodynamic characteristics (a) SBP, (b) DBP, (c) 
MBP, (d) finger PAT, (e) finger PTT, (f) PEP, (g) PP, (h) SV and (i) CO. 
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where V(i) and point. e(i) is the normalized residual error calculated from 

V{i) are the respective sampled values of the measured and model-generated waveforms of the 
output variable, either P(t) or Q (t) in [29]. Therefore, a direct and quantitative comparison on the 
accuracy of their model and our model is available only if the e* of our model can be calculated. 
However, this is impossible, since in that case, we have to know the values of sampled P(t) and 
Q(t) curves measured in [29] but these data were not reported. Another limitation is the lack of 
knowledge on the accuracy of the measured data. The accuracy of the measured data may be 
influenced by many error sources such as device errors, wrong operations, interruptions during 
experiments, etc. And this may induce errors if the simulation results are compared with the 
measured data and cause the model validation unreliable, which is unknown to us since we are not 
involved in the real data collection. 

After model validation, ftinctional relationships are explored among the parameters identifying the 
cardiac and vascular aspects of model and the experimentally observed quantities such as pressure, 
flow, ejection time and so on. We discuss the significant functional relations between the 
characteristics of the cardiovascular system and the hemodynamic parameters and give a 
reasonable interpretation of the simulation results by interpreting the underlining mechanisms and 
related these results to the experimental observations. The cardiovascular conditions we are going 
to discuss are: 

The effect of changing heart contractility; 
The effect of changing preload; 
The effect of changing upper and lower body peripheral resistance; 
the effect of changing heart rate; 
the effect of changing maximum tube compliance (arterial stiffiiess); 
the effect of dynamic exercise 
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3.4 Discussion 

In the previous sessions, mechanical events of the cardiac cycle are described by using a modified 
electrical model of heart-arterial system proposed in this study. We validated the current model 
using the reported real animal data in [29]. The results show that the mean blood pressure and 
blood flow data estimated from the proposed model agree well with the reported real animal 
data. And the blood pressure and flow curved simulated by the proposed model are visually 
comparable to the reported measured curves in [29]. Thus we claimed that the new model is 
validated. However, such a model validation method may be limited in several aspects. First 
of all, some data useful for model validation may be not included in the experimental data reported 
in the literature. For example, a parameter namely the normalized root-mean-square error, e*, was 
calculated in [29] to report the accuracy of their model to predict real pressure and flow data, e* is 

* 1 I ", 
calculated by: e = — ，where n is the number of data points and i represents the ith w V f=i 
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The effect of changing heart contractility 

Enhanced heart contractility increases the active tension of the heart muscle, which speeds up the 
rising of isovolumic ventricular pressure and reduces the pre-ejection time. During ejection, the 
heart muscle with higher contractility ejects more blood into the arterial system, which increases 
the stroke volume and cardiac output. Since peripheral resistance and arterial compliance are 
unchanging, the increased stroke volume further elevates the pulse pressure and the entire blood 
pressure waveform. According to Eq.(3.52), the elevated blood pressure wavefonn reduced the 
corresponding pulse transit time. 

Table 3.4 Changes in cardiovascular and timing parameters on dogs reported in [44]. 
SystoHc pressure (inuil-ig) 

Mean prcMure 
(iniMl-lg) 

MR (bjjm) CO (l/niiii) CVJ> (mmllg) inVTT (iiiscc) PEP (msec) m-PWTT {msec) 
Control Lwflurane 
Contco! Nitroglycerine 
Control Hypovolemia 
Control Dobntamitic 
Coiitro! Phenylephrine 

�27.S±34.2 OOJJzlO.r 
15-f5 土 B.IJ 
127.7 土 

129.6 ±10.8 
79.7 ±13.9' 

168.6 ±34.9 
226.3 士 39.6' 

159.6 士 24.4 190.3 ±29.9̂  

93.8 ±28.4 61.6±16.t' 
120.1 ±14.4 
94.7 士 

112.9 ±11.7 

6S.3±t2 .1 ' 
127.2 ±22.5 154.fi 士 23.31 
122.3 ± J 5.9 151.3 ±2l.fli 

1263±]i.8 1J8.2±13.0> 
128.0 土 jas 
織 3 士 10.6， 

126.6 ± j 2.0 
127.2 士 

123.9 ±20.7 

127.0 ±8.2 n 2.3 ±15.2' 

1.79 士 0.5.) 1.20 ± MO" 
！.65 ± 0.36 
1.95 ±0.82 

1.62 ±0.52 
0.75 士 0.22' 

1.75 ±0.33 
3.33 士 丨.如> 

1.7S±().43 
1.22 土 1).28 ‘ 

4.3 土 3.5 
5.4 ± 3 . 8 5.2 ± 4..I 
2.7 ±2.7 
4.1+2.5 
0.9 ±2.1' 

4.3 ±3.0 
5.4 ±3.9 

4.0 ±3.3 8,] ±'1.6' 

7<1.2 士 16.1 H7.8 ± �3.73 
士 9.3 

70.9 ±11.2' 65.1 ±S.3 
63.6 ±n‘4 
52.7 士 8.7> 
62.1 土 f U 
50.2 ±5.81 

7I.7± U.l 66.5 ± 10.0̂  
H(i.7 士 16.6 68.8 ± 18.6=̂  
a6.4±16.H 8f».1 ± 11.7 
dfU) 土 16.f> 

士 5.y� 

80.3 ± lO.S 

1<I5.9±20.5 17.-1' 
j ‘15.7 士 J 3.4 139.7 士 17.01 
151.6 士 5fi.7 
16：2.1士；!5.0> 

U2.5±15.9 
95.2 士!>.fi� 

t42,'»±7.7 MB.�±10.6* 
PWTT: PIT; m-PWTT: PAT; CVP: central venous pressure. 

As a result, in our simulation results, PEP changes phase to phase with PTT and all tiie timing 
components (PEP, PTT, PAT) show a negative correlation with blood pressure. This is consistent 
with the experimental observations in [44], where the timing components (PTT, PEP and PAT) 
were measured on dogs and their correlations with blood pressure were studied under hypotension 
and hypertension induced by drag interventions. Table 3.4 shows the changes of cardiovascular 
and timing parameters reported in [44]，and Table 3.5 and Table 3.6 demonstrate the correlations 
between systolic pressure and timing components and those between mean pressure and timing 
components in [44], respectively. It is clearly shown in Table 3.4-3.6 that when changes in blood 
pressure is due to the myocardial contractility, i.e. after dobutamine influsion, PEP changes phase 
in phase with PTT and all timing components show a consistent and negtative correlation with 
systolic and mean blood pressure. 

Table 3.5 Correlation between SBP and timing components on dogs reported in [44]. 
P W T T PEP i n - P W T T 

Slope r Slope Slope 
Isoflunmc ~tL4i2 土 l).i6() 0 .%4 0.192 土 <) .1)72 ij.8ur> "0.287 ± 0 . 1 2 4 0.840 
Nitroglycerine -! .314土 1.718 0.927 i . l 2 f > ± 1.270 0.966 0.378 ± 0 . 6 5 2 0.910 
Hypovolemia -0.2：1«) 土 0遍 0.830 - 0 . 0 7 8 ± 0 , 3 1 8 0.801 - 0 . 2 9 5 ± 0 . 2 6 9 0.874 
Dobucarninc - 0 . 2 6 3 ± 0 . 1 4 5 0.861 —0.627 土 0.295 0.919 "0.797 土 0.254 0.928 
Phenylephrine - 0 . 4 9 5 土 0.954 0.82S 土 0.560 0.947 0.43t 土 0.459 0.717 

PWTT: PTT; m-PWTT: PAT. 
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Table 3.6 Correlation between mean pressure and timing components on dogs reported in [44]. 
P W T T PEP m - P W T T 
Slope ？ Slope Slope 

Ihofluranc ~0.5f)5 士 0-319 0.961 0.228 土 0.116 0.826 "0.353 士 0,221 0.836 
Nitroglycerine -0 .797 ± 0 . 7 4 7 0.925 0.814 士 {>.350 0.974 0.282 土 0.457 0.917 
Hypovolemia —0.272 士 0.219 0.818 - 0 . 1 1 4 + 0 . 4 0 0 0.820 •"0.；567 土 0.368 0.890 
Dobutaminc ~0.67() 士 0.508 0.853 -2 .130 土 1.957 o .a io -2.501 士 1.8+2 0.903 
Phenylephrine "0.517 士 OJfW 0.959 0.838 士 0.548 0.95f! 0.420 士 0.443 U.725 

PWTT: PIT; m-PWTT: PAT. 

The effect of changing preload 

According to the Frank-Starling mechanism of the heart, more filling of blood into the ventricle 
during diastole results in more stroke volume and cardiac output. Simulation results in Fig. 3.15 
show that SV and CO increase with rising end-diastolic ventricular volume (EDV), which is 
consistent with Frank-Starling law. Results also show that the change of PEP with changing EDV 
is small (less than 10 ms), which agrees well with the previous experimental observations reported 
in [45]. As shown in Table 3.7, PEP changes from 74± 16 ms (PEEP=0 cm H2O) and 83± 18 ms 
(PEEP=15 cm H2O) at baseline to 73±18 ms (PEEP=0 cm H2O) and 83±14 ms (PEEP=15 cm 
H2O), respectively, when EDV was increased by arterial volume loading, and 82 士 11 ms 
(PEEP=0 cm H2O) and 92士 16 ms (PEEP=15 cm H2O), respectively, when EDV was decreased 
with haemodilution blood. And no significant changes of PEP are seen from Table 3.7 under 
altering EDV. Since the changes of PEP is small，finger PTT dominates the changes of finger PAT 
and finger PAT decreases as pre-load increases. 

Table 3.7 Hemodynamic data and cardiac preload variables reported in [45]. 
Baseline Volume loading Haemon-hage 

PEEPO PEEP 15 PEEPO PEEP 15 PEEPO PEEP 15 
HR (bpjn) 102(17) 98 (28) 89(14)" 92(15) 92(15) 93(22) 
MAP (mmHg) 62.6 (8.0) 44.1 (94) 80.0(19.0) 67.8 (18.0) 45.1{JL3f 34.2 (10.8； 
GEDV (ml) 366(77) 289 (68)" 436 (96) 389 (110) 308 {95f 262 (63) 
ll'BV (ml) 657 (115) - 729 (241) - 452 (93产 -

TBV (mi) 1970(364) - 2131(488) - 1488 (570产 -

CO (1 min-^) L8 (0.8) L2 (0.4f l.S (0.3) 1.4(0.4) 1.3(0.4f 0.7 (0.3) 
SV (mi) 18.0(8.1) 12.9(7.!) 20.7(4.0) 15.2(44) 14.3 (5. lyi 8.4 (4.5) 
PEP (ins) 74 (16) 83 (18) 73 (18) 83(14f 82(11) 92 (I6f 
AWPmean (jtnbar) 8(3) 22 (4f 8 � 20 (2)=̂  8(2) 20 (2)" 
PEEP: positive end-expiratorj' airway pressure (cm H2O); HR: heart rate: MAP: mean arterial pressure; GEDV 
global end-diastolic volume, fTBV: intrathoracic blood volume; TBV: total blood volume; CO: cardiac output; SV 
stroke volume; PEP: pre-ejection period; AWPmean: mean iiirway pressure. All mean 士 SD. 
^p < 0.05. PEEP versus no PEEP at the same volaeniic state. 
bp < 0,05. versus ao PEEP at baseline. 
^p < 0.05. versus no PEEP after volume loading. 
dp < 0.001, versus no PEEP after volume loading. 

To conclude, variation in cardiac functions induced phase to phase changes of PEP and PTT, 

82 



which is inversely correlated with altered arterial blood pressure. As a result, PAT is an effective 
indicator of arterial blood pressure under such conditions. 

The effect of changing upper and lower body peripheral resistance 

The increase of lower peripheral resistance indicates the vasoconstriction in the lower body, which 
elevates arterial blood pressure. As a result, DBP, SBP and MBP rise with increase of Rp2. The 
augmented arterial blood pressure elevates the afterload to ventricular ejection，which decrease the 
stroke volume and cardiac output, as well as the pulse pressure, with a constant arterial 
compliance. Since DBP is the threshold for aortic valve opening, the increase of DBP lengthens 
the ventricular isovolumic contraction period, i.e. PER Meanwhile, the increase of arterial blood 
pressure causes a decrease of the finger PTT. 

When the upper body peripheral resistance increases, both SBP and DBP are elevated; however, 
the increase of DBP is just half of that induced by lower body peripheral resistance while the 
increase extent of SBP is almost the same for changes of both lower and upper body peripheral 
resistances. One possible reason is the early arrival of upper body reflection wave. The augmented 
reflective wave from the upper body may arrive at the aortic root at systole, mainly elevates the 
systolic blood pressure, and contributes less to the diastolic blood pressure. 

Table 3.8 Effect of increase in peripheral resistance only and decreases in total arterial 
compliance only on aortic and left ventricular pressure and on aortic flow reported in [46]. 

Licxeaoe Lt Ro <208% 士 13} Decresm to C {21% ± 4) without cluoBo in wilfaont chance In upacltiuice pedptanit] rasiataoc« (%) (%) 

All changes are given as percent changes 士 Em compared 
with the control situation. Six isolated hearts were studied. 
RCT « time constant of syslem, SP « steady power, P,o = 
aortic pressure, F, •= aystoUc pressure, Pj =•= ^astolic prea-
aiire, P •“ mean pressure. Pi, = leff. ventrictilttr pressure, 
I»o = aortic flow, Ip = peak flow, SV = stroke volume, and 
I = mean flow. 

Changing peripheral resistance can be regarded as one representative form of the impact of 
altering afterload to the heart. And the simulation results obtained in this study are confirmed by 
the finding of previous experimental studies on isolated hearts. Utilizing a hydraulic model, 
Elzinga and Westerhof [46] varied the resistance and compliance independently while maintaining 
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the characteristic impedance constant in isolated feline left hearts. As shown in Table 3.8，they 
found that SBP and DBP increased when the peripheral resistance was elevated. Sunagawa et al 
[47] studied the heart-arteiral interaction by loading the isolated canine ventricles with computer 
simulated arterial input impedance which could precisely control the afterload. They found that, 
with the increase in resistance, PP decreased. 

Further, with the parameters set in our simulation, the extent of PEP increasing is more than that of 
finger PIT decreasing, PAT thus shows a similar changing trend with PER This is also consistent 
with the experimental results obtained on dogs in [44]. As shown in Table 3.3-3.5, PEP and PIT 
change anti-phase with each other under either the vasodilation (decreasing Rp) caused by 
nitroglycerine infusion or the vasoconstriction (increasing Rp) by phenylephrine infusion; 
meanwhile, under these two conditions, PEP dominates the changes of PAT, which agrees with our 
simulation observations. The authors in [44] ftirther indicated that PEP took as much as 68% of the 
PAT on dogs and hence was the major factor of PAT changes. 

The effect of changing maximum tube compliance 

When Cm increases, the aorta becomes more compliant; as a result，the same heart ejection 
produces less pressure rise inside the aorta. That's why the pulse pressure and systolic blood 
pressure decreases. In the diastole, larger compliance results in more stored blood during systolic, 
which slows the damping of the arterial blood pressure during diastole, resulting in a higher 
diastolic blood pressure and mean blood pressure. Since varying arterial compliance is another 
representative form of changing afterload, the previous experimental studies on isolated hearts [46, 
47] also investigated the effect of arterial compliance on the cardiac function and they agree well 
with the simulation results in this study. As shown in Table 3.8，a decrease of arterial compliance 
caused an increase in systolic pressure and a decrease in diastolic and mean sortie pressure, which 
is consistent with our simulation results where SBP drops and DBP and MBP elevate under 
increasing arterial compliance. In [47], PP increased with rising arterial stifBiess, which agrees 
with the simulation results that PP decreases with rising arterial compliance (decreasing arterial 
stif&ess). 

An increasing mean blood pressure induces a decreasing of finger PTT, while the increasing 
diastolic blood pressure sets a higher threshold for the ventricular pressure to open the aortic valve, 
which lengthens PEP. Hence, Cm causes inverse changes of PEP and finger PTT. However, it is 
worth noting that the changes of hemodynamic variables induced by variations of C^ are small, 
the correlations between PAT and arterial blood pressure are insignificant. 

In Fig. 3.23，it shows that all investigated hemodynamic parameters except for pulse pressure 
change little with changing arterial compliances. Take stroke volume (SV) for example: compared 
with its sharp decrease with rising peripheral resistance, SV increases just a small amount with 
enhanced arterial compliance. This result agrees with the experimental observations which 
indicated that SV was far more sensitive to the change of peripheral resistance than that of the 
arterial compliance. Sunagawa et al [47] found that SV was decreased by about 5% under 50% 
decrease in arterial compliance and increased by about 3% under 100% increase in arterial 
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compliance. Elzmga and Westerhof [46] showed that SV decreased about 66% with a 4.8-fold 
increase in resistance, whereas it decreased only 27% when the compliance was tremendously 
decreased to one-twelfth. Ishide et al [48] have shown in a study in isolated canine left ventricles 
that SV decreased about 73% with a 6.3-fold increase in the resistance whereas it increased only 
46% with a 30-fold increase in the compliance. These observations indicate that SV is far more 
sensitive to changes in the resistance than changes in compliance. This is quite consistent with our 
observations, even from a quantitative point of view (noting that peripheral resistance mentioned 
in these studies is total peripheral resistance, Rp, which is calculated from the upper, Rpi, and lower 

body, Rp2，peripheral resistances by: R^ = -r—^ r) 
I及 pi 

The effect of changing heart rate 

ATROPINE 

•MO-
0. PACING 

60 120 

Fig. 3.27 Effects on PEP period of cardioacceleration by atropine, isoproterenol, and right 
atrial pacing reported in [49]. Each curve presents data from a normal subject. Three of the six 
subjects who received atropine (top panel) were restudied on another day with graded 
infusions of isoproterenol (middle panel). 

When HR increases, heart period decreases, this will reduce the ventricular diastolic time and 
diastolic ventricular volume, then further decrease the heart ejection in each heart beat, i.e. stroke 
volume. However, since heart ejection frequency is sharply increased, the cardiac output increases, 
resulting in corresponding increasing in systolic blood pressure. When heart period decreases, the 
length of diastolic period decreases accordingly, which make the arterial blood pressure drop less 
during diastole and increases the diastolic blood pressure. The increases of both SBP and DBP 
cause a consistent decrease of PIT with heart rate. The increase in diastolic blood pressure 
elongates pre-ejection time; however, increased heart rate changes the activation function of 
ventricular pressure by increasing the peak pressure (pp) and shortening the peak time (tp), which 
results in a drop of PEP. As a result, PEP neither significantly increases nor significantly decreases 
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Abbreviattoru ： HR: Heart rate; (P): right atrial pacing. In parentheses: Corrected values for heatt rate according to Weissler's regression equations. 

The effect of dynamic exercise 

During dynamic exercise, due to increased preload, heart contractility and decreased peripheral 
resistance, the stroke volume and cardiac output increase as increasing exercise level. Generalized 
sympathetic nervous system activation elevates SBP, due to a variety of factors. First, increased 
cardiac muscle contractility reduces end-systolic ventricular volume and increases stroke volume. 
Second, the smooth muscle in the proximal aorta receives a sympathetic innervation and 
contraction of these muscle cells reduces aortic compliance. This stiffening allows all of the 
energy of ejection to be used in pressure generation. Finally, sympathetic vasoconstrictor drive to 
vein stiffens these and mobilizes blood normally stores in the venous reservoir back into active 
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with changing heart rate, showing a combined impact of the above two opposite factors. This 
phenomenon have been previously confirmed in many experimental observations where the 
measured PEP was shown to be insensitive to change of heart rate. Fig. 3.27 shows the changing 
trends of PEP with increasing heart rate on normal human beings before and after drag and cardiac 
interventions (atropine, isoproterenol and atrial pacing) [49]: PEP is almost unchanging with 
interventions which only increase heart rate, e.g. atropine and atrial pacing, while, PEP drops 
significantly under infusion of isoproterenol, a drag which increases the heart contractility and 
decreases the diastolic blood pressure. In another study conducted on 26 normal volunteers, 
Dennis et al [50] also observed that PEP was almost constant with the increase of heart rate from 
mean 73.94+1.97 to 103.61 ±2.72 L iniii"\ by either intravenous atropine administration or rapid 
right atrial pacing. Table 3.9 shows the experimental data reported in their study [50]. 

Table 3.9 systolic time intervals and heart rate before and after tachycardia reported in [50]. 
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(b) 

Fig. 3.28 Bicycle test of (a) a 25 years old male and (b) a 34 years old male. HR (t); 
PAT (t) and the PEP (t)，the PEP evolution follows closely the PAT; (a) SBP and DBP 
measurement or (b) the subject's activity during the different phases; 4*̂ : (a) the subject's 
activity during the different phases. 

There are two main influencing factors of DBP. One is heart rate, since DBP respresents the lowest 
value of which pressure falls in the arteries before the next systolic ejection and must be 
influenced the period over which the pressure can fall, which determined by the heart rate. The 
other factor is the total peripheral resistance which determined the rate at which intra-arterial 
pressure falls after systolic ejection ceases. In Fig. 3.25, DBP first increase and then decrease in 
the dynamic exercise, which reflex the combination effects of the increasing heart rate and 
peripheral resistance. The resting MBP is more determined by DBP than SBP, whereas, during 
exercise, it has been pointed out that the contribution of DBP and SBP to MBP is almost half to 
half. MBP therefore shows a roughly increasing curve during dynamic exercise, with slightly 
damping when DBP drops a lot. 
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The changes of PEP during exercise is mainly determined by the cardiac functions, PEP hence 
shows a significant, consistent decrease due to the sharp increase of pre-load and heart 
contractility. The increase of DBF at lower exercise levels and decrease of DBP at the higher 
exercise levels changes the shape of the decreasing PEP curve, making it concave (slow 
decreasing) at the early exercise and convex (rapid decreasing) at the late exercise. PEP shows 
significantly high and negative correlation with SBP (r = -0.97，p<0.01) and MBP (r = -0.90’ 
p<0.01) and moderate and negative correlation with DBP {r = -0.59,p<0.01). 

The simulation results show that PAT has highest coixelation with SBP amongst all timing 
components (PAT, PEP and PTT). This agrees with the previous experimental data obtained in 
exercise studies. Wong et al [51] measured the arterial blood pressure and timing components on 
22 normotensive participants in post-exercise recovery and found that PAT showed the highest 
negative correlation with SBP (mean r=-0.81) as compared with that of PEP (mean r=-0.61) and 
PTT (mean r=-0.25). The simulation results further show that the changes of PAT during exercise 
is dominated by changing PEP due to enhanced heart ftmction, while the magnitude of PTT 
changing is small (less than 10 ms). This result is strongly supported by the experimental 
observations in a bicycle exercise study conducted by Muehlsteff et al [52]. Fig. 3.28 shows two 
typical examples of changes of PAT and PEP as well as blood pressure and heart rate in their study. 
It is clearly from Fig. 3.28 that the change of PAT during exercise is mostly induced by changing 
PEP, while the change of PTT is relatively small. 

3.5 Conclusion 

In this chapter, we deduce the theoretical equation which relates PAT with arterial blood pressure 
and simulate such a relationship under different physiological conditions, especially under 
mimicking dynamic exercise condition, by introducing a nonlinear pressure-volume relationship 
into the asymmetric T-tube model and coupling it to a pressure-source ventricular model with 
arbitrary heart rate. The simulation results indicated that PAT had consistent, negative correlations 
with SBP, DBP and MBP under variation of heart contractility, preload and heart rate. When there 
are changes of peripheral resistance and maximal tube compliance, PEP and PTT changes 
inversely, resulting in uncertain changes of PAT. Under dynamic exercise, due to the combined 
effects of PEP and PTT, PAT shows significantly high and negative correlation with SBP and MBP. 
PTT is a good indicator of DBP during dynamic exercise whereas PAT is not. The linear negative 
relationship between MBP and PAT during exercise provides basis for developing a dynamic MBP 
estimation method using PAT. Further, the proposed model in this chapter is further developed in 
the next chapter to propose a novel wearable measurable parameter of cardiac output. 
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Chapter 4 

A Novel Approach for Cardiac Output Estimation Using 
Electrocardiogram and Photoplethysmogram 
In this Chapter, we aim at developing a novel estimating method of cardiac output using 
electrocardiogram and photoplethysmogram. Using the wave reflection theory, a novel CO index, 
is derived from the asymmetric T-tube model which has been discussed in Chapter 3. Then, two 
assumptions are made: 1) PAT is used as a surrogate to trace MBP changes; 2) IPA, a shape feature 
parameter of aortic blood pressure waveform or PPG, is used to trace the changes of mean aortic 
reflection coefficient (r(0)). Then, the CO index is represented in terms of PAT and IPA, namely 
pulse time reflection ratio (PTRR). The relationship between the PTRR and CO is simulated under 
different physiological conditions, especially in the exercise condition, by changing the 
corresponding parameters in the T-tube model. The tracing ability of PTRR to CO is finally 
discussed and concluded. 

4.1 Derivation of a novel cardiac output index from asymmetric T-tube model 
According to the wave reflection theory [1] [2], the blood pressure (Pao) and blood flow (Qao) at 
the root of the aorta can be expressed as a sum of forward and reflected waves in the frequency 
domain [3] as follows: 

PaoM = Pf,M+P^^^{a>) (4.1) 
and 

Qao.^ = Qf,.⑶ + Qr,^ (一 = [Pf,.(斗尸, (4.2) 

where indicates forward wave, V indicates reflected wave, indicates the distance from the 
measuring site to the entrance of aorta, and Zc is the aortic characteristic impedance. Since the two 
tubes in the model are assumed as fiictionless, Zc can be regarded as a real constant. It is worth 
noting that in our nonlinear asymmetric T-tube model, Zc is a function of pressure but not a 
constant. In the later Section of this Chapter, we will discuss the error induced by a constant Zc in 
the calculation of CO. 

The global reflection coefficient of the arterial system can be defined as the ratio of the reflected 
and forward waves at the entrance of aorta: 

杯 ； ^ ； ^ (43) 

Then, input impedance can be calculated as: 

仏 ) = = 哪 . （4.4) 

When CO approaches zero，Eq.(4.4) becomes 
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zJo) = 尸flo,z=0(0) _ Pcto’. (4.5) 

where and g如’供o are the mean blood pressure and flow at the aortic entrance. CO equals 
to Qao z=o X Time, where Time = 1 min = 60 s. Therefore, substituting Eq.(4.4) into Eq.(4.5) yields: 

C O = Time x g 肌 = 
户等 = 0 ( 1 - r ( o ) ) 

Z c ( i + r ( o ) ) (4.6) 
where Zc is a constant. 

According to the conclusions obtained in Chapter 3，there is a linear relationship between PAT and 
MBP during exercise. Hence, during exercise, the relation between PAT and MBP is modeled as: 

MBP = A . PAT + B ’ (4.7) 
where A and B are constants. Here, we further assume that, the inflection point area (IPA), an 
index derived from the aortic blood pressure wave (for definition, please see Fig. 4.1)，can be used 
to estimate mean reflection coefficient (r(0))，hence there is 

T{Q) = C-IPA + D , (4.8) 
where C andD are constants. Then, CO can be expressed as: 

CO = PTRR 

where 

PTRR = (A-PAT+B){1-{C'IPA+D) 
l+[C-IPA^D) (4.10) 

Inflection point 

DBP 
Fig. 4.1 The aortic blood pressure curve in a cardiac cycle. SBP is the highest point, DBP is 
the ending point and inflection point is the incisura on the curve produced by the closure of the 
aortic valve. Si and S2 are the areas under the curve during systole and diastole, respectively, 
and IPA is defined as 82/(81+82). 
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4.2 The relationship between IPA and mean aortic reflection coefficient (r(0)) 
As mentioned before, r(0) is the mean correlation coefficient. By definition, it equals to the area 
ratio of the reflective waves to the forward wave on the blood pressure curve measured at the 
aortic root. However, the forward and reflective blood pressure waves at time domain is difficult 
to be obtained from only a single aortic blood pressure curve [4]. Normally, the aortic blood flow 
or blood velocity curve is needed for decomposition [5, 6]. We therefore proposed IPA, a shape 
feature which we assume to be closely related to reflection coefficient. Fig. 4.1 gives the definition 
of IPA, i.e. the ratio of the area after the inflection point on the blood pressure curve to the area of 
the whole curve within a cardiac cycle. Since the inflection point is the incisura which separates 
the systolic and diastolic phases on the blood pressure wave, this hypothesis is based on the fact 
that the diastolic part of the blood pressure curve is mainly composed of reflective waves and the 
systolic blood pressure wave mainly consists of the forward wave. In order to verify the 
hypothesis, we simulate the asymmetric T-tube model and analyze the relationship between EPA 
and r(0) under variant physiological conditions by altering the model parameters. 

Fig. 4.2 gives the relationship between IPA and r(0) under different physiological conditions. The 
changing trend of each parameter in Fig. 4.2 A-F is the same as the changing trend used in the 
simulation Section in Chapter 3 (See Simulation in Section 3.3). It is shown in Fig. 4.2 F that there 
is a positive, high and significant correlation coefficient between IPA and r(0) during dynamic 
exercise (r>0.98,;7<0.01). 

For individual parameter, the changes of peripheral resistance and arterial stiflBiess (maximal 
arterial compliance) both induce a significantly positive and linear relationship between IPA and r(0) (r>0.98,/7<0.01). When peripheral resistance increases, it will enhance the reflections at the 
peripheral terminals, and then augment r(0) at the aortic root. Since the enhanced reflective waves 
mainly arrive at the aorta during diastole, the elevated reflection level also raises IPA. When Cm 
increases, the aorta becomes more compliant, and hence produces less pressure at the same heart 
ejection. As a result, the forward wave which is produced by the heart ejection decreases and 
r(0) increases. At the same time, the more compliant aorta produced less after load to the 
ventricular ejection, which results in more rapid blood ejection during systole and shortens the 
ejection phase, as shown in Fig. 4.3 A. Under the same heart rate, a shorter systolic phase gives 
rise to a longer diastolic phase, and as a result, the IPA increases. 

It is interesting to see from Fig. 4.2 A and B that the enhancement of cardiac function caused by 
different cardiac factors induces entirely different effects. Either the rising of heart contractility (A) 
or the increasing of pre-load (B, end-diastolic ventricular volume，VJ), increases r(0). However, 
the IPA increases with heart contractility but decreases with preload. This conflicting phenomenon 
may be explained by the different changes of Tp and Teject under these two conditions, as illustrated 
in Fig. 4.3. Tp is the time period from the start of ejection to the peak blood pressure in systole and 
Teject is the ejection duration. When heart contractility increases, it only enhances the heart muscle 
tensile. During ejection, the enhanced muscles produces more contracting forces, ejects the blood 
more rapidly and makes the peak pressure appear earlier (reduced Tp). The ejection time also 
decreases due to the rapid ejection. As a result, the systolic portion is shortened while the diastolic 
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portion is elongated, which increases IPA. However, when preload increases, it predominately 
increases the end-diastolic volume inside the ventricle, meanwhile, it increases the muscle tension 
by more passive stretching of the muscle cell. During ejection, since there is much more 
ventricular volume for ejection out of the ventricle, Tp is elongated. Although Tp is meanwhile 
shortened by the enhanced heart contraction forces, the elongation induced by more volume is the 
predominant factor. Teject is significantly elongated, due to the same reason for longer Tp The 
increase of Teject includes more part of reflective waves into the systolic phase, enhances the 
systolic curve and weakens the diastolic curve. This makes the IPA decrease. 
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Fig. 4.2 The relationship between EPA and 
end-diastolic volume，C. peripheral resistance, 
and F. mimicking exercise condition. In A-F, r 
r(0) (p<0.01). 

r(0) at changing A. heart contractility, B. 
D. heart rate, E. maximal arterial compliance 
is the correlation coefficient between IPA and 

r(0) increases as heart rate increases. Fig. 4.3 shows the changing trends of absolute Teject, Tp (G 
and H, respectively) and relative Teject, Tp (I and J, respectively) under changing heart rate. 
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Relative Teject and Tp are defined as absolute Tgject and Tp divided by the heart period (time length 
of a cardiac cycle). It is clear that although the absolute Teject and Tp are decreasing, and the 
relative Teject and Tp are increasing, which indicates an increase of systolic portion on the blood 
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pressure curve. As a result, IPA decreases. Hence, there is a negative relationship between r(0) 
andlPA. 

To summarize, there is a positive high and significant relationship between EPA and r(0) under 
changing heart contractility, peripheral resistance and arterial stif&iess. There is a negative and 
significant correlation between IPA and r(0) under changing preload and HR. Furthermore, Fig. 
4.2 shows comparison of the changing magnitudes of r(0) induced by different model parameters. 
It is obvious that r(0) is most sensitive to the changes of the peripheral resistance and arterial 
stif&ess and the changes of r(0) magnitude induced by these two factors are about 10 times of 
those induced by other factors. This is why under dynamic exercise, EPA shows a highly positive 
and significant correlation with r(0), in spite of the negative influence induced by other 
parameters. 

4.3 The relationship between PTRR and cardiac output 
In this Section, we discuss the relationship between PTRR and CO. In Section 4.1，two 
assumptions were made in the deduction of PTRR: one was the linear relationship between PAT 
and MBP and the other was the relationship between IPA and r(0). In order to separately discuss 
the effects of assumption 1) and 2) on the estimation performance of PTRR, we define three more 
indices. First, we rewite the defimtion ofPTRJR as 

PTRR CO — 7 
where 

(A-FAT+B){l-iC-IFA+D)] 
歷： 1+iC-IPA+D) 

Then, we define: 
PTRR � " 

p^T 一 i+r(o) 
MBP{\-(C-IPA-¥D)] 

P 丽 IPA ="""1+(C.//M+Z)) 
and 

# PTRR 
From Eq.(4.13), there is 

-PAT{\-IPA) 
{MPA) 

CO = E- PTRR + F 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

(4.14) 
where E，F are constants which can be obtained from calibration. PTRRPAT is defined by only 
introducing assumption 1) into Eq.(4.6) and PTRRipa by only introducing assumption 2) into 
Eq.(4.6). PTRR# is defined here since it is superior to PTRR sometimes due to simpler calibration 
required. During CO estimation, PTRR# needs only two reference CO values to calculate E and F 
in Eq,(4.14), while PTRR needs two reference CO values plus two BP values to calculate A，B，C， 

D in Eq.(4.10). Under circumstances where BP measurement is not available, PTRR# can still be 
used to estimate CO while PTRR can not. 
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Table 4.1 Parameters and precision of the linear regression between the reference and 
estimated CO. 

Fig 4.4 Slope Intercept (L min]� SD of Residuals (X min'') 
Heart contractility (c) 

A1 0.9996 0.0011 0.0201 
B1 0.9932 0.0156 0.0330 
CI 0.9909 0.0213 0.0459 
D1 1 0 0.0555 

Preload (VJ) 
A2 0.9993 0.0014 0.0751 
B2 0.9456 0.1050 0.0442 
C2 0.9421 0.1116 0.0971 
D2 1 0 0.2527 

Heart rate 卿） 
A3 0.9974 0.0072 0.3581 
B3 0.9662 0.0858 0.0790 
C3 0.8817 0.3208 0.3969 
D3 1 0 0.4670 

Peripheral resistance (R) 
A4 0.9850 0.0414 0.0143 
B4 0.9782 0.0605 0.0232 
C4 0.9704 0.0822 0.0209 
D4 1 0 0.0296 

Arterial stifBiess (C^) 
A5 0.1253 2.3767 0.0138 
B5 -0.0598 2.8804 0.0138 
C5 -0.0650 2.8945 0.0136 
D5 1 0 0.0146 

Exercise condition (Exercise) 
A6 0.9155 0.4358 0.3463 
B6 0.9713 0.1314 0.4202 
C6 0.9402 0.2895 0.0801 
D6 1 0 0.4615 

SD: standard deviation. 

Fig. 4.4 shows the results of linear regression analysis between reference CO (model output) and 
estimated C O using PTRRPAT , PTRRIPA, PTRE. and PTRR#，respectively, during changes of heart 
contractility (c), preload (Kd, heart rate (HR), peripheral resistance (R), arterial stiffiiess (C^) and 
under exercise condition (Exercise). Similar to that in Section 4.2，the changing trend of each 
parameter in the Fig. 4.4 A1-D6 is the same as the changing trend used in the simulation Section 
in Chapter 3 (see Simulation in Section 3.3). Table 4.1 gives the corresponding parameters in the 
regression function between reference and estimated CO in each plot in Fig. 4.4. The values of 
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Fig. 4.4 Reference C O and C O estimated from PTRRPAT (A1-A6)，PTRRIPA ( B 1 - B 6 ) , P T R R 

(C1-C6) and PTRR# (D1-D6) during changes of heart contractility (c, Al-Dl), preload (V^, 
A2-D2), heart rate (HR, A3-D3), peripheral resistance (R, A4-D4), arterial stiffiiess (Cm, 
A5-D5) and exercise condition {Exercise, A6-D6). In each plot, x axis is the estimated CO and 
y axis is the reference CO. The black solid line is the equality line, r is the correlation 
coefficient between parameters (PTRR,PTRRPAT, PTRRIPA, and PTRR#) and CO. For the 
definitions of PTRR, PTRRPAT, PTRRIPA, and PTRR", please refer to Eq.(4.10)-(4.14). 
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constant A, B, C, D, E and F are listed in Table 4.2. 

It shows that all parameters are able to trace the changes of CO at a high precision during 
changing heart contractility, peripheral resistance, and during exercise. PTRRPAT, PTRRIPA and 
PTRR show high and significant linear correlations with the changes of preload, while the 
relationship between PTRR^ and Vj is less linear and the correlation coefficient is lower. When 
heart rate changes, it seems that only PTRRipa gives an acceptable estimation of CO, while the 
performances of the other three factors are worse. All parameters failed to give a reasonable 
estimation for CO during changing arterial stiffiiess. 

Table 4.2 The values of constants in Eq.(4.10)-(4.14). 
Parameter Fig. 4.4 A B C D E F 

c Al-Dl -1.20 289.08 0.81 0.36 0.12 7.61 
Vd A2-D2 -2.34 479.78 -1.04 1.51 0.44 20.07 

HR A3-D3 -2.20 464.24 -0.09 0.92 -0.08 -0.63 
R A4-D4 1.66 -195.11 1.64 -0.15 -0.23 -6.35 
Cm A5-D5 -0.08 99.30 1.36 0.03 0.0005 2.74 

Exercise A6-D6 -0.90 240.83 0.96 0.28 -0.25 -6.67 

The correlations between the reference C O and C O estimated from PTRRpat, PTRRpa and PTRR 

are indifferently high during changing heart contractility (Al-Cl), preload (A2-C2) and peripheral 
resistance (A4-C4). This indicates that both PAT and DPA perform well and they contribute 
approximately equally to the estimating performance of PTRR under these conditions. Further, the 
results indicate that PTRR can be effectively replaced bv PTRR^ for estimating CO mder 
changing contractility and peripheral resistance, in order to solve the problems if there are only 
reference CO measurements available for calibration. 

Generally, the estimating performances of all parameters are acceptable under exercise. However, 
it is worth noting that PTRR performs best during exercise condition (see Fig. 4.4). The estimating 
curve obtained from PTRRpat is a bit convex and there is an overestimation at high CO level. This 
is due to the overestimation of PAT on MBP during higher exercise level where the rising of MBP 
is reduced by the drop of DBF induced by sharply decreasing of peripheral resistance whereas the 
changing trend of PAT is little influenced by this phenomenon. In contrast, the estimating curve 
obtained from PTRRipa is a bit concave and there is an underestimation at high CO level. From 
visual comparison among Fig. 4.4 B1 to B6, this curve feature may result from the nonlinearity 
introduced by changing heart rate，since the curve under exercise is quite similar to that obtained 
under changing heart rate. The convex curve feature induced by PAT and the concave curve 
feature induced by DPA compensate each other when calculating PTRR by Eq.(4.10), making 
PTRR a better CO index during exercise. PTRR^also traces CO well, especially at higher exercise 
level, at lower CO level however, the estimation precision of PTRR^does not seem as good as that 
ofPTRR. 
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In summary，there is a linear relationship between PTRR and CO during changing heart 
contractility, preload, peripheral resistance and under exercise. PTRR# can be used as a simpler 
surrogate of PTRR during changing heart contractility, peripheral resistance and under exercise. 

Further it has been reported that the PPG waveform can follow the changes of aortic blood 
pressure waveform under different physiological conditions [4] [5], Since aortic blood pressure is 
very difficult and invasive to be obtained，we utilized EPA derived from PPG wave shape features 
as a surrogate of EPA discussed here in the later implementation of PTRR in Chapter 5. 

4.4 Effect of constant characteristic impedance (ZJ 
In Eq.(4.9), CO equals to PTRR divided by Z�. In otir asymmetric T-tube model, Zc is a function of 
arterial blood pressure and varies with time. However, in the practical application, it is difficult to 
obtain the value of Zc simultaneously. Since previous experimental results have reported that Zc is 
almost unchanging during dynamic exercise [9], we try to address the feasibility of using a 
constant Zc in the calculation of PTRR in Eq.(4.9). If this approximate can result in an acceptable 
estimation of CO, CO can be estimated from PTRR beat to beat. 

Zc changes wilh Transmural S P 

100 150 200 
Transmural BP (mmHg) 

250 

Fig. 4.5 The curve of Zc with changing transmural BP when Vm 
0.015 ml mmHg-i in Eq.(3.49). 

3 ml，Fo = 0.1 ml and Cm 

The relationship between Z � a n d MBP is described by Eq.(3.49) 
illustrated in Fig. 4.5. We rewrite Eq.(3.49) as follows: 

Chapter 3 and visually 

‘ Cm 

P 
cjTm-K):-铁 PI p (3.49) 

As noted by Stone and Dujardin [10]，the relationship between Zc and arterial blood pressure is 
typically parabolic, with the minimum in the physiological range of transmural pressure. 
Therefore, a change in transmural pressure can yield an increase, a decrease, or no change in 
characteristic impedance depending on the location of the basal operating point [11], the bottom 
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Fig. 4.6 The changing trends of Z�(Al-Fl) and the relationship between Za and MBP (A2-F2) 
during changes of heart contractility (c, A1 and A2), preload (V^, B1 and B2), heart rate (HR, 
CI and C2), peripheral resistance (R, D1 and D2), arterial stiffiiess (Cm, El and E2) and 
exercise condition {Exercise, F1 and F2). r in A2-F2 are the correlation coefficients between Zc 
and MBP under different physiological conditions, where /?<0.01. 

Fig. 4.6 shows the changing trends of Zc (Al-Fl) and the relationship between Zc and MBP 
(A2-F2) under different physiological conditions. The changing trend of each parameter in the Fig. 
4.6 is the same as that used in the simulation Section in Chapter 3 (see Simulation in Section 3.3). 
It is obvious that Zc decreases with the increase of blood pressure under all conditions except for 
the dynamic exercise, indicating that the ranges of transmural blood pressure mainly locate at the 
left of the basal operating point in Fig. 4.5. During exercise, Zc changes little, and further, its 
changing trend looks like the bottom of a parabolic curve. This is mainly due to the combining 
effects of the changing physiological parameters on the changes of Zc. During exercise, the rising 
heart contractility, preload, heart rate decreases Zc while the decreasing peripheral resistance and 
arterial compliance increase Zc. Since Zc is much more sensitive to the changes of arterial 
compliance as compared with other factors (see Fig. 4.6), the changing curve of Zc generally 
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Fig. 4.7 Reference CO and CO estimated from PTRR with variant Ẑ  (A1-A6) and PTRRwith 
constant Zc (B1-B6) during changes of heart contractility (c, A1 and Bl)，preload (Vd, A2 and 
B2), heart rate (HR, A3 and B3), peripheral resistance (R, A4 and B4), arterial stiffness (Cm, 
A5 and B5) and exercise condition {Exercise, A6 and B6). In each plot, x axis is the estimated 
CO and y axis is the reference CO. The black solid line is the equality line, r is the correlation 
coefficient between parameters and CO. 

From Fig. 4.6, it is obvious that the changing magnitude of Ẑ  during exercise is small, which is 
consistent with previous experimental observations [11]. Then, we address the feasibility of using 
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a constant Zc in the calculation of PTRR. Fig. 4.7 gives the visual comparisons between the 
estimated CO obtained from PTRR with a variant Zc (A1-A6) and those from PTRR with a 
constant Zc (B1-B6). The corresponding quantitative precisions are demonstrated in Table 4.2. 
Both visual and quantitative data indicate that a constant Zc does not lead to big errors into the 
estimation of CO. 

Table 4.3 Parameters and precision of the linear regression between the reference and 
estimated CO using PTRR with variant and constant Zc. 

Variable Fig. 4.6 Slope Intercept (L min^) SD of Residuals (L min') 
c A1 0.9909 0.0213 0.0459 c B1 1.1934 -0.4632 0.0496 
Vd A2 0.9421 0.1116 0.0971 Vd B2 1.1486 -0.2961 0.1221 

HR A3 0.8817 0.3208 0.3969 HR B3 0.9519 0.1472 0.4530 
R A4 0.9704 0.0822 0,0209 R B4 0.8106 0.5235 0.0147 
Cm A5 -0.0650 2.8945 0.0136 Cm B5 -0.0028 2.7249 0.0143 

Exercise A6 0.9402 0.2895 0.0801 Exercise B6 0.9172 0.3923 0.1015 
SD: standard deviation. 

4.5 Conclusions 
In this Chapter, we firstly derived a novel CO index, namely PTRR from our asymmetric T-tube 
model proposed in Chapter 3. Next，simulation results on the relationship between IPA and r(0) 
show that r(0) is mostly sensitive to the changes of peripheral resistance and arterial stiflBaess, and 
changing of these two factors induces a significantly positive and high correlation between IPA 
and r(0) during exercise. Further simulations on the estimating performances of PTRR indicate 
that PTRR is able to trace CO changes with a high precision under changing contractility, preload, 
peripheral resistance and during exercise. The convex effect from PAT and concave effect from 
IPA on estimated CO during exercise compensate each other in the calculation of PTRR, making 
PTRR a better surrogate of CO than introducing PAT or EPA along. What's more，a simpler form of 
PTRR, PTRR^, can be used as an acceptable surrogate of PTRR during changing heart 
contractility, peripheral resistance and during exercise. Finally, we addressed the feasibility of 
using constant characteristic impedance (Zc) in the PTRR, The simulation results demonstrate that 
Zc keeps almost unchanged during exercise and CO estimated by PTRR with constant Zc 
approximately achieves a similar precision level those estimated by PTRR with variant Z � 

Reference 

104 



[1] N. Westerhof, P. Sipkema, G C. Van Den Bos, et al., Forward and backward waves in the 
arterial system, Cardiovasc. Res., vol. 6，pp. 648-656，1972. 

[2] C. M. Quick, D. S. Berger and A. Noordergraaf, Apparent arterial compliance, Am J Physiol, 
vol 274，pp. H1393-H1403,1998. 

[3] W. W. Nichols and M. F. O'Rourke, McDonald's Blood Flow in Arteries, 5出 ed., London: 
Hodder Arnold, 2005. 

[4] N. Stergiopulos, B. E. Westerhof and N. Westerhof, Physical basis of pressure transfer from 
periphery to aorta: a model-based study, Am. J. Physiol, vol. 274, pp. H1386-H1392, 1998. 

[5] N. Westerhof, P. Sipkema, C. G. van den Bos, et al., Forward and backward waves in the 
arterial system, Cardiovasc. Res., vol. 6, pp. 648-656,1972. 

[6] J. P. Murgo, N. Westerhof, J. P. Giolma, et al, Aortic input impedance in normal man: 
relationship to pressure wave forms, Circulation, vol. 62, pp. 105—116，1980. 

[7] P. J. Chowienczyk, R. P. Kelly, H. MacCallum, et al, Photoplethysmographic assessment of 
pulse wave reflection: blunted response to endothelium-dependent beta2_adrenergic 
vasodilation in type II diabetes mellitus, J. Am. Coll Cardiol, vol. 34，pp. 2007-2014，1999. 

[8] K. Takazawa, N. Tanaka, M. Fujita, et al, Assessment of vasoactive agents and vascular 
aging by the second derivative of photoplethysmogram waveform, Hypertension, vol. 32，pp. 
365-70，1998. 

[9] J. P. Murgo, N. Westerhof，J. P. Giolma, et al.，Effects of exercise on aortic input impedance 
and pressure wave forms in normal humans, Circ. Res., vol. 48，pp. 334-343,1981.,— 

[10] D. N. Stone and J. P. L. Dujardin, Pressure dependence of the canine aortic characteristic 
impedance and the effects of alternations in smooth muscle activity, Med. Biol Eng. 
Comput, vol 23, pp. 324-328,1985. 

[11] S. G. Shroff, D. S. Berger, C Korcarz, et al., Physiological relevance of T-tube model 
parameters with emphasis on arterial compliances. Am. J. Physiol- Heart Circ. Physiol, vol. 
269, pp. H365-H374,1995. 

105 



Chapter 5 

Estimation of Cardiac Power Output in Dynamic Exercise 
In this chapter, we focus on the experimental validation of our work. Two experiments were 
carried out, one on young, healthy subjects (Experiment I) and the other on three subject groups, 
healthy elderly, cardiovascular patients and heart failure patients (Experiment 11). Both 
experiments are supine bicycle exercise. Experiment I was held on campus and Experiment II 
conducted in the hospital. The protocols for two experiments are quite similar, just with 
differences on some special medical measurements for the patients in the hospital. Hierefore, data 
from two experiments are pooled in the later analysis. The data analysis is mainly composed of 
two parts, MBP analysis and CO analysis. This is mainly due to the lack of standard to evaluate 
the accuracy of a novel cardiac power output (CPO) measuring method. For BP and CO, there are 
either existing standard or at least judging criteria which are widely accepted for evaluating the 
accuracy of measurements. 

Since two PPGs were measured during the experiment, one from the ear and one from the finger, 
two PATs, PATear and PATfinger are calculated. In order to verify the theoretical findings in chapter 3， 
the relationships between PAT to SBP, MBP and DBP were tested and compared. An approximate 
ofPTT on the brachial artery, namely PTTbra, is obtained by subtracting PATear from PATfinger, and 
the correlations of PTTbra to SBP, MBP and DBP were tested and compared with those of PAT. In 
the later results of linear correlation analysis, PATfinger showed the highest correlation with MBP, it 
was therefore utilized in the MBP estimation. We utilized two calibration methods to calculate 
parameter A and B in Eq.(4.7), the best-fit and mean calibration, which will be explained in detail 
in section 5.1.3. The estimating accuracy of MBP analysis is evaluated by the American National 
Standard for Electronic or Automated Sphygmomanometers developed by Association for the 
Advancement of Medical Instrumentation (AAMI Standard). 

In CO analysis, since Zc is unavailable, PTRR# is calculated from ECG and finger PPG from Eq. 
(4.13) and utilized to estimate CO. Another surrogate of PTRR, PTRR* is proposed and the 
performance of PTRR# and PTRR* in CO estimation are compared. The accuracy of CO 
estimation is evaluated by the criteria proposed by Critchley and Critchley [1]. In both BP and CO 
analysis, effects of age, gender and diseases are discussed. Finally, the main experimental 
observations were discussed and concluded. 

5.1 Material and methods 
5.1.1 Subjects and experiment protocol 
The two experiments were approved by the Clinical Research Ethics Committee, and subjects 
were informed of the experiment and asked to sign the authorization forms before they 
participated in the study. In experiment I, 19 university students were enrolled on campus and in 
experiment II, 65 unselected outpatients were enrolled in the cardiology department of the Prince's 
Wales Hospital. The patients were then divided into three subject populations according to their 
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diagnosis decisions. 15 elderly, healthy subjects were subject to the normal control group, 20 
patients with at least one cardiovascular disease belonged to the disease control group and 30 heart 
failure patients were included in the heart failure group. To be consistent with the subject groups 
in experiment 11, the 19 young, healthy subjects enrolled in experiment I was named the normal 
healthy group. Table 5.1 summarizes the physical parameters, such as the gender, age, body mass 
index (BMI), and the hemodynamic parameters measured at baseline, such as HR, SBP, DBP and 
CO of all subject groups. And Table 5.2 lists the diagnosis and medication information related to 
the patients in the disease control and heart failure groups. In Table 5.2, patients with systolic HF 
(heart failure) were those with LVEF (left ventricle ejection fraction) less than 50% and patients 
with diastolic HF are those with LVEF larger than 50%. 

Table 5.1 Physical and hemodynamic parameters of all subject populations. 
Parameters Normal Healthy Normal Control Disease Control Heart Failure 
No. of subjects 19 15 20 30 
Gender (M/F) 9/10 11/4 11/9 27/3 
Age (years) 27士 4 55 士 9 60 士 12 60 ±10 
BMI 21.7 士2.1 23.52 士 3.23 23.06 士 2.14 27.68 ±4.84 
HR (beats min'') 69 士 6 73 ±12 72 士 14 74 ±14 
SBP(mmHg) I B 士 12 141 ±18 136 ±25 142 ±14 
DBP (mmHg) 62±6 91 ±7 79 士 11 85±9 
CO (Lmin-i) 5.5±1.0 5.5 ±1.2 5.1 ± 1.6 5.7 ±1.8 

M= male, F= female, BMI=body mass index, "士，，： mean ± standard deviation. 

Table 5.2 Diagnosis and medication inforaiation related to patients. 
Information on Diagnosis Information on Medications 

Diagnosis DC Group 
(n) 

HF Group 
(n) 

Medications DC Group 
(n) 

HF Group 
(n) 

Systolic HF 0 9 B-blockers 6 26 
Diastolic HF 0 14 CCB 7 10 
CAD 2 2 Nitrates 1 6 
Hypertension 10 16 Diuretrics 1 16 
DM 8 9 Lipid-Lowering 6 14 
MI 1 1 ACEI/ARB 7 22 
IHD 1 12 Aspirin 4 4 
Hyperlipidemia 5 8 ASA 6 15 

TNG 1 5 
DC: disease control; HF: heart failure; n: no. of subjects; CAD: coronary artery disease; DM: 
diabetes mellitus; MI: myocardial infarction; IHD: ischemic heart disease; CCB: calicium 
chaimel blockers; ACEI: non-sulfhydryl-containing inhibitors; ARB: angiotensin receptor 
blocker; ASA: acetylsalicylic acid; TNG: nitroglycerin. 

The experiment was conducted at least one hour after meal in the morning or afternoon in a 
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standard shielding room in the Joint Research Center for Biomedical Engineering (JCBME) at the 
Chinese University of Hong Kong (CUHK) (Experiment I), or in a standard patient room at the 
cardiology department of the Prince's Wales Hospital (Experiment II). The room temperature was 
kept at 25�C during the experiment. 

Physio Flow PF 05 
Calibration 

Baseline Exercise Recovery 

mim 
T2 T3 T4 T; ！ T; i+i T； i+2 

40 sec 2 mm 2 min 
丄 indicates onset of BP measurement; T- is the ith trial of data. 

Fig. 5.1 Main experiment phases and procedures. 

Fig. 5.1 is the flow chart of the experiment indicating three experimental phases and the most 
important procedures. Upon arrival, the subject was asked to lie supine on the bicycle ergometer 
(Lode, Groningen, Netherland) for ten minutes to reach his/her baseline condition. BP was then 
measured on the right arm either only by a registered nurse using a mercury BP meter (Riester, 
Germany) (experiment I) or by both the nurse and the automatic auscultatory BP machine 
(Suntech, USA) (experiment H). SBP and DBF were then inputted into the impedance 
cardiographic device (Physio Flow PF-05, Macheren, France) to calculate the baseline CO (CO 
calibration). Continuous and simultaneous ECG, PPG and CO signals were recorded thereafter, 
until the end of the experiment. Then, subject was asked to rest on bed for another 40 seconds for 
signal recording at rest with a simultaneous BP measurement. Then, the bed was tilted towards the 
left hand side of the subject by 20° - 30° (see Fig. 5.2), and the subject started to ride the bicycle. 
In experiment I, the subject was asked to ride the bicycle for 6 minutes. The riding load was 
increased every two minutes. In experiment H, the subject started to ride the bicycle at 25W, and 
then the riding load was increased by 25W every two minutes until it reached the tolerant limit of 
the testing subject (usually 75~100W), and then the load was kept at this tolerant limit until the 
testing subject reached his/her target heart rate (85%x(220--^ge)). For those very old subjects 
(Age>80) or heart failure patients whose heart rate could not reach the target heart rate even at 
their exhausting condition, we encouraged them to keep riding to ensure their heart rate as close to 
the target heart rate as possible. In both experiments, in the exercise phase, BP was first measured 
one minute after the start of exercise and then measured every two minutes later, until the end of 
exercise (see Fig. 5.1). In experiment 11，the subject was asked to stop riding one minute after BP 
had been measured at his/her maximal heart rate. After exercise, the subject was asked to lie still 
on bed to collect data of recovery phase. In experiment I，the recovery phase lasted for 6 min. In 
experiment II, the recovery phase lasted until CO dropped back to the baseline level or at most for 
15 min (blood test after exercise should be done within 15 min after stop of exercise). In both 
experiments, in the recovery phase, BP was firstly measured immediately after the stop of exercise 
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(a) (b) 
Fig. 5.4. The (a) BP and (b) CO measurement device in the experiment. 

The impedance cardiograpmc device used for reference CO measurement was Physio Flow PF-05 
(Manatee Biomedical, Macheren, France). It is automatic and non-invasive, suitable for exercise 
testing. Moreover, this device utilizes an improved algorithm that excludes the basal thoracic 
impedance ZQ and the distance between electrodes (L) to ensure that the CO readings are robust to 
electrode positions, skin thickness and perspiration [2] [3]. Several validation studies have shown 
that PF-05 agrees well with direct Fick's method in exercise tests, especially on healthy subjects [2, 
4，5]. 

The device calculates CO by: 
CO = HRxSVixBSA, (5.1) 

where HR is the heart rate (beats mirf�, calculated from R-R interval of the measured ECG signal; 
BSA is the body surface area calculated by the Haycock formula 

0 5 3 7 8 0 3 9 6 4 (BSA = 0.024265 x BM x H )，where BM is body mass in kg and H is the height in cm; 

no 

reflection mode LED emitter (850 nm, SFH-4250Z, Osram) and detector (850-880 mn, SFH-320 
FA-3/4, Osram) embedded. The acquisition devices were connected to a small portable procession 
unit, where the PPGs were filtered (band-pass filter: 0.35-16 Hz) and amplified (20x dc gain). 
Then, the analog output of ECG, CO and two PPGs were connected to an analog to digital 
converter (Dataq D1-720, USA), converted to digital signals (see Fig. 5.2), sampled at 1000 Hz, 
and then stored in a desktop for offline analysis. 

5.1.2 Measuring devices of blood pressure and cardiac output 
Fig. 5.4 shows the measuring devices for BP and CO. The BP measurement device is a standard 
auscultatory cuff sphygmomanometer (Riester, Germany). During experiment, SBP and DBP were 
measured from the right arm by a registered nurse and MBP is calculated from SBP and DBP by 
Eq.(l.l): 

MBP = -DBP+-SBP. (1.1) 3 3 
The same nurse was utilized in the two experiments. 
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and then every two minutes later, until the end of the experiment (see Fig. 5.1). As shown m Fig. 
5.1’ signal trials (Tj) each of 40s were collected, cut from the onset of each BP measurement and 
from in between of two sequent BP measurements. In experiment I, 13 trials were collected, 
including 1 trial measured at baseline, 6 trials during exercise and 6 trials during recovery. In 
experiment 11, for each subject, 1 trial was collected at baseline, while the numbers of trials 
collected in the exercise and recovery phases were different, depending on the exercise and 
recovery time of each specific subject. 

ECG 

Ear PPG 
Ear PPG 

Fig, 5.2 The experiment setup, signal procession and recording block diagrams. The four 
impedance electrodes (cycles) and two ECG electrodes (squares) are attached on the chest. 
PPG acquisition devices (triangles) is placed on the right ear lobe and left index finger. Signals 
are simultaneously acquired, filtered, pass through an A-to-D converter, and are finally 
displayed and saved in a desktop. 

！^pCg^ ：..：••._,..vVl ... ： li-y 

Fig. 5.3 The in-house made PPG acquisition devices and the procession unit (the square box). 

The equipment configuration was shown in Fig. 5.2. ECG and CO were acquired through six 
electrodes attached on the chest and connected to the impedance cardiographic device, which will 
be described in detail in section 5.1.2. PPG was acquired by the in-house designed acquisition 
devices (MPAS, JCBME lab, CUHK, Hong Kong, shown in Fig. 5.3) on the right ear lobe and on 
the left index finger of the subject. The PPG acquisition devices were ear or finger clips with 
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SVi is the SV index {ml m^)，calculated by SV divided by BSA. SVi is calculated by: 

SVi = SVicai X 卿jCTIc�丨xTFIT�TFIT， (5.2) 
where CTI is the contractility index and equals to the largest rate of variation of the impedance 
signal (dZ/dtmax)', TFIT (ms) is the thoracic flow inversion time, measured as the time interval 
between the first zero value following the beginning of the cardiac cycle (beginning of QRS in 
ECG) and the first nadir after the peak of the ejection velocity�dZ/dt肌》,'cal' indicates that the 
parameters are measured during the calibration phase. 

In the algorithm of Physio Flow PF-05, a calibration procedure is critical for the following CO 
measurements. It is a period of 30 heart beats, when the subject is in his/her baseline condition. 
The SVicai is calculated from the largest impedance variation during systole (Zmax - Znjin), CTI and 
W (TFIT) (TFIT weighted by measured pulse pressure (PP)), by the formula as follows: 

SVicai = k X [("ZM腿)/(Z,ax-2mm )]>< W{TFIT,J , (5.3) 
where 众 is a constant. 

The PF-05 provides four analog signals: ECG, impedance (Z), SV and CO. They are internally 
rolling averaged to ensure signal stability. Hence, averaged CO of each trial (40 s) was calculated 
for comparison. 

5.1.3 Data analysis 

Calibration methods 

In the BP analysis, estimated BP was obtained from PAT using Eq.(4.7): 
M B P = A • P A T + B . (4.7) 

We utilized two calibration methods to obtain constant A and B. First, the best-fit method based on 
the least square error algorithm was utilized. This method was used so as to test the best possible 
performance of BP estimation using a linear PAT model. The second method was the mean 
calibration approach, which utilized the initial value and mean value in a BP sequence to calibrate 
A and B. The mean value was utilized here, because calibration with any single reference and 
estimated BP would bias the subsequent evaluation results [6，7]. 

In CO analysis, since Zc was unavailable, two surrogates ofPTRR were utilized for CO estimation. 
One was PTRR.̂  defined by in chapter 4 by Eq.(4.13): 

# —jPAT{l—IjPA"j 
P 爾 - { l ^ I P A ) (4.13) 

and the other surrogate PTRR was defined as: 
* (A-PAT+B)- l—IPA) 

PTRR = U I P A (5.4) 
where A and B are constants in Eq.(4.7), obtained from mean calibration through BP analysis. The 
purpose of introducing PTRR* is to test the necessity of BP measurement in CO estimation. Both 
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PTRR^ and PTRR^are assumed to be proportional to CO: 

CO = C. PTRR^ (5.5) 
and 

CO = D. PTRR， (5.6) 

where C, D are constants. Similar to the BP analysis, the calibration factor C in Eq.(5.5) and D in 
Eq.(5.6) were calculated from the mean reference CO, a strategy proposed in [6]. In [6], a 
statistical index called root mean squared normalized error (RMSNE) was used to represent the 
estimation accuracy based on mean calibration, defined as: 

RMSNE = - [ i ? ^ , ( 5 . 7 ) 

where fi and cr are the bias and standard deviation of the percentage differences between 
reference and estimated CO which is calculated by ’ where x；, / and x̂ , are the ith trial of 
the reference CO and estimated CO, respectively. In the later analysis, RMSNE was also 
calculated in the result section to evaluate the accuracy of the estimated results. 

Statistic Analysis 

The data analysis was separated into two parts, MBP analysis and CO analysis. In each part, the 
results were represented in terms of mean 土 standard deviation (SD). Linear regression analysis 
was first used to indicate the intra-subject correlations. Then, the estimated results were presented. 
For MBP estimation, the agreements between the reference and testing methods were evaluated by 
the AMMI standard, that is: the accuracy of the testing method was regarded as acceptable if the 
mean of estimated errors was less than 5 mmHg and SD of estimated errors was less than 8 mmHg. 
In the CO estimation, both the absolute and relative estimated errors were evaluated to discuss the 
agreements on the test and reference CO methods. As outlined in [8], relative errors were 
introduced in order to eliminate the potential influence of calibration on the agreement between 
two methods due to the between-patient variability in CO. And the relative errors were suggested 
[8] to be calculated as the differences between the intra-subject relative changes of CO and CO 
index with respect to their values at the calibration point, i.e., mean in this study. For example, CO 
relative changes of 50% and 150% in the result section would, respectively, indicate 50% decrease 
and 50% increase of CO with respect to its mean. 

To interpret the tracing ability of estimated values to reference values, the plot of regression 
analysis was utilized, and the regression equation was calculated. To specifically discuss the level 
of agreement on two methods, Bland-Altman plot was utilized [9]. Bias and precision were 
defined as mean and 1.96 times of standard deviation of the estimated errors, respectively. Limit 
of agreements was expressed as (bias - precision, bias + precision). Percent error was calculated 
by dividing precision by mean of reference. The CO method was considered clinically acceptable, 
if the percent error was below 30%, as proposed in [1]. Differences among subject groups were 
evaluated by either group student t-test or one-way ANOVA with Bonferroni post hoc analyses, 
depending on the no. of subject groups considered. All statistical analysis was computed using 
Matlab 7.0. Ajt? value < 0.05 was considered significant, unless indicated otherwise. 

5.2 Results 
5.2.1 General description 
In total, 1833 trials &om 84 subjects were collected, including 84 trials at rest, 1108 trials during 
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exercise and 641 trials during recovery. 88 trials were removed due to the noises caused by 
motions and respirations during exercise. Another 36 trials can not be analyzed, including 27 trials 
removed due to the poor quality of the impedance signal, 7 trials withdrawn due to bad quality of 
PPG signal and 2 trials withdrawn due to bad quality ECG. Totally, 1709 trials were used in further 
analysis. 

5.2.2 Mean blood pressure analysis 
Linear correlation analysis 

Fig. 5.5 shows the results of linear correlation analysis among three parameters, PATfmger, PATear, 
PTTbra，and SBP, MBP and DBP in all subjects. Table 5.3 lists the quantitative data corresponding 
to the qualitative description shown in Fig. 5.5. In most of the subjects, PATfmger, PATgar and PTTbra 
were negatively correlated with SBP, MBP and DBP. ANOVA with Bonferroni post hoc analyses 
revealed that PATfmger and PATear were superior surrogates of SBP and MBP to PTTbra, and there 
were no significant differences on mean r between correlations of SBP and MBP with PATgnger and 
between correlations of SBP and MBP witii PATear- From visual illustration (Fig. 5.5), the mean r 
between PATfmger and SBP and between PATfmger and MBP are higher than the corresponding mean 
r between PATear and SBP and between PATear MBP, respectively, and the 95% credit intervals are 
narrower. For DBP, the performances of PATs and PTTbra were comparable. As shown in Table 5.3， 
the mean r of PATfmger is the highest (mean r = -0.50), while PTTbra owes the highest no. of 
subjects with significant correlations (n = 56). 

Table 5.3 Results of linear correlation analysis between time delays and BPs in global analysis 
and sub-group analysis. 

Time 
Delays 

BPs Global 
Analysis 

Sub-Grou P Analysis Time 
Delays 

BPs Global 
Analysis Heart 

Failure 
Disease 
Control 

Normal 
Control 

Normal 
Healthy 

PATfmger 
SBP -0.90±0.09 -0.90 土 0.08 -0.91±0.08 -0.94士 0 .04 -0.86±0.12 

PATfmger MBP -0.85±0.12 -0.87士 0 . 12 -0.86 士 0.13 -0.86±0.11 -0.80±0.09 PATfmger 
DBP -0.50±0.34 -0.59±0.34 -0.51 土 0.34 -0.32±0.47 -0.51 土 0.17 

PATear 
SBP -0.83 士 0.14 -0.83±0.16 -0.81 土0.13 -0.88 士 0.10 -0.81 土0.11 

PATear MBP -0.75 士 0.19 -0.76士 0.23 -0.74士 0.14 -0.75 士 0.17 -0_74士 0.13 PATear 
DBP -0.37土 0.41 -0.48±0.43 -0.36士 0.28 -0.16土 0 .47 -0.42 士 0.30 

PTTbra 
SBP -0.61 士 0.35 -0.61±0.31 -0 .63 土0.36 -0.61 土 0.41 -0 .61 土0.23 

PTTbra MBP -0.63 士 0.35 -0.63±0.30 -0.62db0.40 -0.65 土0.41 -0.63±0.41 PTTbra 
DBP -0.46士 0.37 -0.49±0.29 -0.45 土 0.42 -0.42±0.46 -0.45 士 0.26 

£土’ indicates mean 土 SD. 

ANOVA with post hoc testing revealed that the mean r between PATflnger and SBP and that 
between PATfmger and MBP were both higher than that between PATfinger and DBP, and there is no 
difference on mean r between PATfmger versus SBP and PATfingerv versus MBP. ANOVA with 
Bonferroni post hoc analyses on mean r between PATear and different BPs revealed the same 
results as those of PATfmger- For PTTbra, ANOVA with Bonferroni post hoc analyses only revealed 
significantly higher mean r of PTTbra versus DBP as compared with that of PTTbra versus SBP and 
PTTfara versus MBP. 

Fig. 5.6 shows the results of linear correlation analysis on different subject groups. The 
corresponding quantitative data are listed in Table 5.3. In each group, the main observations were 
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PAT finger PAT. PTT. 
Fig. 5.5. Intra-subject correlation coefficients between measured time delays (PATfmger, PATear, 
PTTbra) with BPs (SBP, MBP, DBF) in all subjects. Y-axis is the correlation coefficient, x-axis 
is time delay parameters: PATfmger, PATear and PTTbra groups. Individual correlation coefficient 
is represented by '*' for PATfoger，' A' for PATear and '0' for PTTbra- For each time delay 
parameter, correlation coefficients between this parameter with SBP (red), MBP (green) and 
DBP (blue) are separated by vertical lines with different colors. On each vertical line, the solid 
square represents the group mean and the vertical solid line represents the range where 95% 
data stay. The number “**#/**”over each vertical line indicates "the no. of significant 
correlations^/number of correlations". 

similar to those shown in the global data: 1) PATgnger and PATear were superior surrogates of SBP 
and MBP to PTTbra； 2) The mean r between PATs and SBP and that between PATs and MBP were 
significantly higher than that between PATs and DBP; 3) performances of PATfmger, PATear and 
PTTbra on DBP were comparable. Age effect was investigated by group t-test conducted on normal 
healthy and normal control groups. For both PATfinger and PATear, group t-test revealed: there were 
no significant differences on mean r between PAT and SBP in the younger and older groups but 
significant differences on mean r between PAT and MBP and between PAT and DBP between the 
younger and older groups. The disease effect was investigated by comparing the results on normal 
control, disease control and heart failure groups. The ANOVA with post hoc testing indicated no 
significant differences among the correlations of different subject groups except for significant 
difference on the mean r of PATear and DBP between heart failure and normal control groups (p -
0.0498). The gender effect was also investigated. There were totally 58 male and 26 female 
subjects, and the group t test revealed no significant differences on mean r of different gender 
groups except for the only significant difference on mean r of PATear and SBP between gender 
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PTT. PAT finger pa t , , 
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PAT 
finger 

PAT PTT. PAX finger PAT„ PTT. 
Fig. 5.6. Intra-subject correlation coefficients between measured time delays (PATfinger，PATear, 
PTTbra) wiHi BPs (SBP, MBP, DBP) in different subject groups: A heart failure group, B 
disease control group, C normal control group and D normal healthy group. For the meanings 
of the symbols in A-D，please refer to the legend of Fig. 5.5. The number “**#/**，，over each 
vertical line indicates "the no. of significant correlations^umber of correlations". 

Results of BP estimation 

The dynamic exercise induced big changes of MBP and PATfinger. The reference MBP changed 
from 64.0 mmHg to 157.8 mmHg (104.9 士 17.5 mniHg) and PATfmger decreased from 224 ms to 72 
ms (131士 27 ms). The results of best-fit MBP estimated from PATf,nger for all subjects are visually 
illustrated in Fig. 5.7 A and B. The estimated MBP ranged from 60.6 mmHg to 156.3 mmHg 
(104.9 土 16.9 mmHg) and there was a significantly high and positive correlation between the 
reference and estimated MBP (r = 0.96). The bias 士 SD of the estimation errors was 0 士 4.71 
mmHg. The above data demonstrated the best possible MBP estimation results from a linear 
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groups (/? = 0.0481). 
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80 100 120 140 160 
Ave. ofRef. and Est. MBP (mmHg) 

•y=1x+3.2287e-014 
r - 0.96319, p< 0.01 

60 80 100 120 140 160 
Est. MBP(mmHg) 

60 80 100 120 140 160 
Est. MBP(mmHg) 
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Ave. of Ref. and Est, MBP (mmHg) 

Fig. 5.7. Regression analysis plot (A) and Bland-Altman plot (B) for the best-fit estimation 
results of MBP and regression analysis plot (C) and Bland-Altman plot (D) for mean 
calibration estimation results of MBP. In the regression equation, y is reference MBP and x is 
estimated MBP. The black solid line is the equality line and the red solid line is the regression 
line of data. In the Bland-Altman plots, the red solid line is the bias; the range between two 
blue dash lines is bias 士 SD; the range between two green lines is bias 士 1.96SD, where 95% of 
the data stay. 

Fig. 5.7 C and D show the MBP estimation results based on mean calibration method. The range 
of the estimated MBP was from 52.7 mmHg to 158.3 mmHg (104.9 ± 17.5 mmHg). As shown in 
the regression plot (Fig. 5.7 C), the estimated MBP underestimates reference MBP at lower MBP 
levels and overestimated MBP at higher MBP levels. The correlation coefficient between reference 
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model using PATfinger. The results of sub-group analysis for the best-fit MBP estimation are shown 
in Fig. 5.8 and the quantitative data are listed in Table 5.4. The precisions of best-fit estimations 
are similar in the heart failure, normal control and normal healthy groups, and the precision is a bit 
lower in the disease control group. The close and small bias 士 SDs of errors in all subject groups 
indicated the good performance of PATfmgerfor MBP estimation in different subject populations. 
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and estimated MBP was high, i.e. 0.92. The SD of errors was 7.42 mmHg. Fig. 5.9 shows the 
sub-group results, where a trend of imderestimation at lower MBP levels and overestimation at 
higher MBP values exists in all subject groups. The estimation results in normal control group 
showed the worst performance, with lowest correlation between the estimated and reference MBP. 
Table 5.5 lists the estimation results in different subject groups. 

Table 5.4 Sub-group results of the best-fit estimation. 
Results Heart Failure Disease Control Normal Control Normal Healthy 

Ref. MBP 77.3^153.2 66.3-145.8 70.0 �157.8 64.0-118.0 
(mmHg) (111.8 ±15.0) (103.2 士 15.0) (109.7 ±17,7) (84.5 士 10.7) 
Est. MBP 73.2-156.3 69.1-143.7 71.2-150.9 60.6-112.7 
(mmHg) (111.8 土 14.3) (103.2 士 14,0) (109.7 ±17.1) (84.5 ±9.9) 
Bias± SD 0士4.52 0 ± 5.20 0 士 4.60 0±4.23 
(mmHg) 

Ref.: reference value; Est. estimated value; ‘士，： mean 土 SD，��,：minimum value ~ maximum 
value. 

Table 5,5 Sub-group results of the calibration. 
Results Heart Failure Disease Control Normal Control Normal Healthy 

Ref. MBP 773-153.2 66.3-145.8 70.0-157.8 64.0-118.0 
(mmHg) (111.8 土 15.0) (103.2 ±15.0) (109.7 ±17.7) (84.5 ±10.7) 
Est. MBP 62.5-157.9 60.6-149.1 60.7-158.3 52.7-118.0 
(mmHg) (111.8 士 17.4) (103.3 ±18.1) (109.7 ±19.7) (84.5 ±13.1) 
Bias± SD 0 士 7.61 0 士 7.70 0±7.11 0 士 6.49 
(mniHg) 

Ref.: reference value; Est. estimated value; ‘士，： mean 士 SD，min imum value �maximum 
value. 
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80 80 100 丨 20 ！扣 teo Est MBPCmmHg) 80 too 120 KO Ave, of R«f. «n<i Est. MBP (mmHfl) 160 

Fig. 5.8. Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (right figures, 
A2-D2) for the best-fit MBP estimation results for heart failure group (A1 and A2), disease 
control group (B1 and B2)，normal control group (CI and C2) and normal healthy group (D1 
and D2). In the regression equation, y is reference MBP and x is estimated MBP. The black 
solid line is the equality line and the red solid line is the regression line of data. In the 
Bland-Altman plots, the red solid line is the bias; the range between two blue dash lines is bias 
士 SD; the range between two green lines is bias 士 1.96SD，where 95% of the data stay. 
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Fig. 5.9. Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (right figures, 
A2-D2) for the mean calibration MBP estimation results for heart failure group (A1 and A2), 
disease control group (B1 and B2), normal control group (CI and C2) and normal healthy 
group (D1 and D2). In the regression equation, y is reference MBP and x is estimated MBP. 
The black solid line is the equality line and the red solid line is the regression line of data. In 
the Bland-Altman plots, the red solid line is the bias; the range between two blue dash lines is 
bias ± SD; the range between two green lines is bias 士 1.96SD, where 95% of the data stay. 
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All 
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Heart 
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Control 
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Norma 里 
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Fig. 5.10. Intra-subject correlation coefficients between PTRRs (PTRJR.̂  and PTRR*) and 
reference CO in all subjects and subject groups. Individual correlation coefficient is 
represented by for PTRR# and for PTRE^ In each vertical line, title solid square 
represents the group mean and the vertical solid line represents the range where 95% data stay. 
The number “**#/**，，over each vertical line indicates "the no. of significant 
correlations^/number of correlations". 

The results of subgroup analysis are shown in Fig. 5.10 and Table 5.6. Group t-test indicated no 
significant differences on the mean r between PTRR^ and CO and between PTRR* and CO in any 
group (heart failure group:尸0.8435; disease control group:尸0.7788; normal control group: 
/?=0.9254; normal healthy group: j9=0.7652). The age effect and disease effect were investigated 
and ANOVA with Bonferroni post hoc analyses revealed no significant differences on mean r 
among subject groups both for correlations between PTRR# and CO and correlations between 
PTRR* and CO. The gender effect was also investigated. The group t test revealed no significant 
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5.2.3 Cardiac output analysis 
Linear correlation analysis 
Fig. 5.10 shows the results of linear correlation analysis between two CO indices, PTRR# and 
PTRR*, and CO in all subjects and in subject groups. Table 5.6 lists the quantitative data 
corresponding to the visual illustration shown in Fig. 5.10. In all subjects, both PTRJR.̂  and PTRR* 
showed positive correlations with CO, and there were significant correlations in 83 out of 84 
subjects. The mean r for both PTRR^ versus CO and PTRR* versus CO was 0.92 and r was over 
0.9 in 82% and 81% of the subjects, respectively, between PTRR^ and CO and between PTRR* 
and CO. Group t-test indicated no significant differences between the mean correlation r between 
PTRR# versus CO and PTRR* versus CO = 0.8621). 

‘6 

1

8
 
6

 
4
 

o.
 a

 a
 

a
o
p
B
l
a
u
o
u
 

wm 
.彻 

A 



differences on mean r between gender groups. 

Table 5.6 Results of linear correlation analysis between PTRRs and CO. 
Correlation Global 

Analysis 
Sub-Grou p Analysis Correlation Global 

Analysis Heart 
Failure 

Disease 
Control 

Normal 
Control 

Normal 
Healthy 

PTRR存 and CO 0.92±0.09 0.94 土 0.04 0.92±0.07 0.92 士 0.08 0.88 士 0.15 
PTRR* and CO 0.92±0.10 0.94士0.04 0.93 士 0.06 0.92±0.07 0.88 士 0.18 

‘士，indicates mean 士 SD. 

Results of CO estimation 

The increase in CO during exercise ranged from 3.02 L min' to 24.38 L min"̂  (9.03 ± 3.14 L 
miifi) and the ranges of estimated CO were 2.77 L min'̂  to 24.71 L min'̂  (9.03 土 3.25 L min'^) 
and 2.10 L min"' to 23.55 L min'' (9.03 士 3.26 L min'') ’ respectively, for estimation using PTRR^ 
and estimation using PTRR . The corresponding relative changes of reference CO, PTRR弁 and 
PTRR* were from 34% to 185% (100% ± 25%), from 38% to 199% (100% ± 27%), from 27% to 
184% (100% ± 27%), respectively. As shown in the regression plots in Fig. 5.11 A and C，the 
estimated CO from both PTRR存 and PTRR' traced the reference CO closely (r > 0.9 for both 
PTRR# and PTRR*). The agreements between reference and estimated CO are shown in the 
Bland-Altman plots (see Fig. 5.11 B and D), where the precisions for PTRR# and PTRR* based 
estimations are 2.04 L min'' and 2.08 L min"^ respectively. The percent errors were 22.57% and 
23.05% and RMSNEs were 12.17% and 12.47% for the estimation results based on PTRR^ and 
PTRR*, respectively. 

Fig. 5.12 shows the agreements between the relative reference CO and two CO indices. There 
were significantly high and positive correlations between the relative changes of reference CO and 
PTRR# (r = 0.91) and between those of reference CO and PTRR*(r = 0.91). Fig. 5.12 indicates that 
both relative PTRR^ and PTRR* underestimates the relative CO at lower CO level and 
overestimate CO at higher CO level The precisions of relative errors between CO and PTRR# and 
that between CO and PTRR* are 22.13% and 22.39%, respectively, both improved as compared to 
the precisions of the corresponding absolute errors. 

The results of CO estimation using PTRR# in different subject groups are visually compared in Fig. 
5.13，and the corresponding statistical analysis results are listed in Table 5.7. In all groups, there 
was a significantly high and positive correlation between estimated and reference CO (r>0.9). The 
estimation precisions ofPTRR^in different subject groups were similar, at a level of 2 L min'\ As 
shown in the regression plots (Fig. 5.13, Al-Dl), the estimated CO underestimates the reference 
CO at lower CO level and overestimate reference CO at higher levels in the heart failure group, 
disease control group and normal control group, in the normal healthy group however, the 
condition verses. 
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25 =0 91078x4080127 
0 94^6. p<001 

25 = 09163x-K3 75976 
••09475.p<001 

t 15 20 25 CO(Lmm-̂) ； 10 15 20 25 Ave ofRef am! Est CO (L mm" 

Fig. 5.11, Regression analysis plots (left figures, A and C) and Bland-Altman plots (right 
figures, B and D) for the absolute estimation results ofPTRR^ (A and B) and PTRR*(C and 
D). In the regression analysis plots, regression equation is shown in the legend, where 'y' is the 
reference CO and 'x' is estimated CO; The black solid line is the equality line and the red solid 
line is the regression line of data. In the Bland-Altman plots, the red solid line is the bias and 
the range between two green lines is bias 士 1.96SD，where 95% of the data stay. 
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The results of CO estimation using PTRR*in different subject groups are compared in Fig. 5.14 
Table 5.7 Sub-group CO estimation results using PTRR#. 

Results Heart Disease Normal Normal 
Failure Control Control Healthy 

Ref.CO(Lmin"^) 3.35-24.38 3.02-17.27 4.22-20.86 4.37 �16.30 
(9.06 士 3.43) (8.65 d= 3.01) (9.92 士 3,11) (8.39 ±2.27) 

Est. CO(Lmin^) 3.42-24.71 2.77-16.11 3.16-19.37 3.98~13.77 
(9.06 ±3.57) (8.65 士 3.06) (9.92 士 3.40) (8.39 ±2.00) 

Bias±L96SD(Lmin-^) 0 士 2.04 0 土 2.00 0±2.19 0 士 1.89 
Percent Error (%) 22.49 23.16 22.03 22.46 

RMSNE (%) 12.61 12.51 11.10 11.91 
Ref.: reference value; Est. estimated value; ‘±，: 
value. For definition ofRMSNE, refer to the text. 士 SD, minimum value ~ maximum 
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Fig. 5.12 Regression analysis plots (left figures, A and C) and Bland-Altaian plots (right 
figures, B and D) for the relative reference CO and PTRR# (A and B) and for the relative 
reference CO and PTRR* (C and D). In the regression analysis plots, regression equation is 
shown in the legend, where 'y' is the relative reference CO and is estimated CO; The black 
solid line is the equality line and the red solid line is the regression line of data. In the 
Bland-Altman plots, the red solid line is the bias and the range between two green lines is bias 
士 1.96SD，where 95% of the data stay. 

Table 5.8 Sub-group CO estimation results using PTRR 

Ref.: reference value; Est. estimated value; ‘士，： mean 士 SD，‘�’：minimum value ~ maximum 
value. For definition of RMSNE, refer to the text. 
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= 0,8613x+13.870S 
0.90538, p< 0.01^ 

c 
100 150 

a. Est. CO (%) 
200 

D 
40 60 80 100 120 140 160 180 

Ave. of Rela. Ref. and Est. CO (%) 

= 0.85665x+14.335 
:0.90899, p < 0.01 

Results Heart Failure Disease Normal Normal 
Control Control Healthy 

Ref.CO(Lmin-i) 3.35-24.38 3.02-17.27 4.22-20.86 4.37 �16.30 
(9.06 士 3.43) (8.65 ±3.01) (9.92 ±3.11) (8.39 ±2.27) 

Est. CO (Lmin“） 2.10-23.55 3.05 �16.00 3.19�21.89 3.97-16.90 
(9.06 士 3.58) (8.65 士 2.97) (9.92 士 3.46) (8.39 ±2.20) 

Bias ± 1.96SD (L miifi) 0 士 2.10 0±1.87 0±2.43 0 土 1.89 
Percent Error (%) 23.18 21.56 24.52 22.48 

RMSNE (%) 13.49 11.81 11.59 12.40 
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Est. CO (L mm'') 

^ 1.0335!<4.0.25958 

D2 ofRef. and Est. CO(Lniin-^) 

10 15 21 
Es«> CO (U min-') 

- 0 9 3 l 7 x - t 0 61292 0.94m, p< 0.01. 
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Fig. 5.13 Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (right figures, 
A2-D2) for absolute estimation results for CO using PTRR存 on heart failure group (A1 and 
A2), disease control group (B1 and B2), normal control group (CI and C2) and normal healthy 
group (D1 and D2). In the regression analysis plots, regression equation is shown in the 
legend, where 'y' is the relative reference CO and 'x' is estimated CO; the black solid line is 
the equality line and the red solid line is the regression line of data. In the Bland-Altman plots, 
the red solid line is the bias and the range between two green lines is bias ±1.96SD，where 
95% of the data stay. 

124 

10 15 20 25 
OfRef, and Est. CO (Lmin*� 

5 10 IS 20 25 
Ava. of Ref. and Esl. CO (L min'') 

IS 

A. 
0 

-s 

I d 
o o 

团

沾

扣
 
5
 

广

 ti
s
-
o
 0
0
 .J
a
a
 

1
 j
q

 
如

 i
G

 
扣
 

A
 (
l
.
s
8
.
J
s
y
 

1
 
訟

 
扣

 s
 

6
 

1
 K

 ̂

 ̂

 w

 s
 

2
 6

 o

 ̂

 2

 5

 o

 ̂

 2

 6

 o
 

A
 (
l
t
l
-
o
o
o
.
l
s
3
.
0
3
,
J
®
a

 B

 广
-
"
!
<
"
1
}
0
0
.
}
5
3
-
0
3
7
3
比

 c

 {
I
t
i
e

 1
)

 0
0
*
1
5
3

 ‘
 



5 10 15 
Est CO (Lmin-^) 

S 10 15 20 25 
Ave, of Ref. and Est. CO L̂ min'') 

10 15 21 
Est, CO(Lmin"^) 
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Fig. 5.14 Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (right figures, 
A2-D2) for absolute estimation results for CO using PTRR浮 on heart failure group (A1 and 
A2), disease control group (B1 and B2), normal control group (CI and C2) and normal healthy 
group (D1 and D2). In the regression analysis plots, regression equation is shown in the 
legend, where 'y' is the relative reference CO and 'x' is estimated CO; the black solid line is 
the equality line and the red solid line is the regression line of data. In the Bland-Altman plots, 
the red solid line is the bias and the range between two green lines is bias 士 1.96SD，where 
95% of the data stay. 
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and Table 5.8. The estimation accuracies in subject groups had larger variations compared to those 
obtained from PTRJR气 For example, the difference between the precision of disease control group 
and normal control group was as large as 0.5 L min''. 

The subgroup analysis on the relative changes of CO and PTRR^ are illustrated qualitatively in Fig. 
5.15 and quantitatively in Table 5.9. The percent error and RMSNE of the relative errors were the 
same as those of the absolute errors, so they were not listed in Table 5.8 and 5.9. Similar as shown 
in Fig. 5.12 A, there is an obvious underestimating bias at lower CO levels and an overestimating 
bias at higher CO level between relative PTRR# and CO in heart failure, disease control and 
normal control groups (see Fig. 5.15, Al-Cl and A2-C2). This trend of bias was corrected in the 
data of the normal healthy group, where the slope of the regression equation is close to 1 and 
intercept close to 0. Fig. 5.16 and Table 5.10 show the results of subgroup analysis on the relative 
changes of CO and PTRif. 

Table 5.9 Comparison on relative changes of CO and PTRR^ in subject groups. 
Relative Values Heart Failure Disease Control Normal Control Normal Healthy 

Ref. CO 40.25-178.16 33.60�185.24 42.30�155.89 49.60�150.05 
“ ( % ) (100 ±25.56) (100 ± 27.50) (100 ±24.26) • (100 士 22.51) 

Est. CO 43.55�170.89 39.53�198.72 38.03�165.79 52.32�148.15 
(%) (100 ±27.57) (100 ±28.75) (100 士 28.04) (100 ±19.38) 

Bias± 1.96SD 0 士 22.78 0 土 22.34 0± 20.92 0± 21.90 
(%) 

Ref.: reference value; Est. estimated value; ‘士’ ：] 
value. For definition, of RMSNE, refer to the text. 

土 SD，‘〜，：minimum value ~ maximum 

Table 5.10 Comparison on relative changes of CO and PTRR in subject groups. 
Relative Values Heart Failure Disease Control Normal Control Normal Healthy 

Ref. CO 40.25-178.16 33.60-185.24 42.30-155.89 49.60-150.05 
(%) (100 ±25.56) (100 ±27.50) (100 ±24.26) (100 土 22.51) 

Est. CO 27.39-184.25 41.51-175.01 31.08-155.69 56.20-148.45 
(%) (100 ±28.16) (100 ±26.99) (100 士 27.52) (100 ± 20.90) 

Biasi 1.96SD 0 士 24.13 0 土 20.37 0± 21.65 0± 22.88 
(%) 

Ref.: reference value; Est. estimated value; '±，：] 
value. For definition of RMSNE, refer to the text. 士 SD，‘�，：minimum value ~ maximum 
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Fig 5 15 Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (nght figures, 
A2-D2) for relative CO and relative PTRR# on heart failure group (A1 and A2), disease 
control group (B1 and B2), normal control group (CI and C2) and normal healthy group (D1 
and D2) In the regression analysis plots, regression equation is shown m the legend, where 'y' 
IS the relative reference CO and 'x' is estimated CO, the black solid line is the equality line 
and the red solid line is the regression line of data In the Bland-Altman plots, the red solid line 
IS the bias and the range between two green lines is bias ±1 96SD, where 95% of the data stay 
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Fig. 5.16 Regression analysis plots (left figures, Al-Dl) and Bland-Altman plots (right figures, 
A2-D2) for relative CO and relative PTRR* on heart failure group (A1 and A2), disease 
control group (B1 and B2), normal control group (CI and C2) and normal healthy group (D1 
and D2). In the regression analysis plots, regression equation is shown in the legend, where 'y' 
is the relative reference CO and 'x' is estimated CO; the black solid line is the equality line 
and the red solid line is the regression line of data. In the Bland-Altman plots, the red solid line 
is the bias and the range between two green lines is bias 士 1.96SD，where 95% of the data stay. 
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5.3 Discussion 

In order to validate the theoretical findings in chapter 3，we analyzed the correlations between BP 
parameters, PATfmger, PATear, PTTbm, with SBP, MBP and DBP measured in the experiments. Both 
PATfinger and PATear showed high correlations with SBP and MBP but low correlations with DBP, 
which were consistently with the simulation results in chapter 3. PATfinger, PATear and PTTbra 
showed comparable correlations with DBP, indicating that the correlation between PAT and DBP 
during exercise was mainly due to the contribution of PTT but not PEP. The correlation between 
PTTbra and DBP was not high, which was different from the simulation results. This result also 
differs from other experiment observations where a high correlation was found between PTT and 
DBP [10, 11]. A possible reason is that PTTbra is not true PTT measured on brachial artery but an 
approximation calculated from the difference between PATfmger and PATear. The common timing 
components of PATfinger and PATear are PEP and pulse transit time from the aortic root to the aortic 
arch before its branching. Besides, PATear includes PTT through the carotid artery. The subtraction 
of PATear ftoiii PATfinger rcmoved not only the common components but carotid PTT, Since carotid 
PTT and brachial PTT both change inversely with DBP during exercise, such a subtraction may 
reduce the change of PTTbra with DBP, and reduce the correlation. 

In MBP analysis, the precision of estimation results from two calibration methods both achieved 
the AMMI standard (SD< 8 mmHg), showing that PATfinger is an effective MBP index during 
dynamic exercise. The results obtained from best-fit method implied the potential best 
performance of the PAT approach in this study, i.e., about 5 mmHg. However, in the practical 
application, when only two points were used for calibration, biases may be introduced due to 
random measurement errors. In order to avoid the potential big bias induced by any single 
reference BP measurement, mean calibration method was utilized here. However, as shown in Fig. 
5.7, there is still a trend of underestimation at lower MBP levels but overestimation at higher MBP 
levels when MBP was estimated from PAT through a linear model. This might be mainly due to 
the overestimation of PAT on MBP during higher exercise level where the rising of MBP is 
reduced by the drop of DBP induced by sharply decreasing of peripheral resistance whereas the 
changing trend of PAT is little influenced by this phenomenon. If this is true, a simple linear model 
using a single PAT may be not accurate enough for MBP estimation during dynamic exercise, and 
instead, indices which trace DBP changes should be added into the model. One possible choice is 
to introduce PTT, since its high correlation with DBP has been proved both by previous 
experimental observations [10，11] and our model simulation. However, this method requires 
another measurement tool to determine PEP. An alternative here is to investigate other DBP 
indices from the shape features of PPG. Previous studies showed that the augmentation index (AI) 
on PPG wave correlated with DBP [12-14]. However, this reported result has been controversial 
[15，16]. Kim et al [17] tested the correlations between DBP and 16 parameters extracted from 
shape features of PPG and found that a time delay from peak of derivative PPG to peak of PPG 
second wave showed a high correlation with DBP. They then added both heart rate and this time 
delay, namely the arterial stiffiiess parameter, to the PAT equation and the estimation accuracy was 
significantly improved. However, it should be cautious if heart rate was introduced. As mentioned 
by the authors, heart rate could affect BP differently. HR increases as BP increases in some 
situation such as exercise, but it decreases as BP increases in other situations such as the Valsalva 
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maneuver intervention. A further shortcoming of the study in [17] was that the physiological 
meaning of the time delay parameter from PPG was unclear. Although it was named an arterial 
stiffiiess parameter, no results have been shown to indicate its relationship with arterial stifihess. 

In the CO analysis, both PTRR浮 and PTRR* showed high correlations with reference CO, which 
were consistent with the theoretical findings in Chapter 4. As shown in Fig. 5.10, PTRR* and 
PTRR# show comparable correlations with CO in global data and data from all subject groups. 
This indicates that the MBP information included in PTRR* does not make it a superior CO index, 
demonstrating that BP measurement may not be a necessity in the CO estimation. In both Fig. 5.11 
and 5.12, there is a trend of underestimation at lower CO levels but overestimation at higher CO 
levels when CO is estimated from both PTRR* andPTRR^ through a linear model. This is mainly 
due to the problem existing in the relationship between PAT and MBP, which has been, extensively 
discussed in the previous paragraph. Although such biases were introduced, PTRR# performed 
well in CO estimation. On both global and sub-group analyses, the percent errors of estimated 
results were less than 30%, at an accuracy level that was considered as clinically acceptable [1]. 

The mean calibration method utilized in this study was proposed in [6]. In that study, an approach 
was presented to estimate CO from a two-element Windkessel model whose parameters were 
calculated from the impulse response function of long time blood pressure intervals [6]. This 
research group did two experiments to verify this approach on different human subjects [7], one 
on 15 patients in the intensive care unit (CO range: 2.9 L/min ~ 9.5 L/min; RMSNE = 15.3%) and 
the other on 10 healthy subjects (CO range: 3.5 L/min � 8 . 4 L/min; RMSNE = 15.1%). In this 
study, the range of CO was 3.35 ~ 24.38 L/min, about three times of the CO ranges in their study, 
and the RMSNEs for healthy young, healthy elderly, cardiovascular and heart failure groups in 
this study were 11.91%，11.10% and 12.51% and 12.61%. This better performance is probably 
because PTRR is derived from the asymmetric T-tube model which considers wave reflections in 
the arterial system. Hence, PTRR can trace the quick changes of CO altered by wave reflection, 
which is difficult to be obtained using the two-element Windkessel model 

The impedance cardiographic device (PF-05) used in this study has been verified in a number of 
previous studies. Table 5.11 lists the reported data in 8 validation studies related to PF-05, with 3 
at rest and the other 5 during exercise. The studies at rest were carried out under the most difficult 
conditions for testing a novel CO measuring technique: patients presenting a very large variety of 
pathologies [24-26] and in [25] and [26] only one single measurement was conducted per patient. 
Despite the tough testing conditions, all studies at rest concluded that this device could provide 
reliable, accurate and repeatable CO measurement at a clinical acceptable accuracy [24-26]. 
However, the conclusions from 5 validations of PR-05 under exercise varied on the accuracy of 
this device. PF-05 was shown to agree well with the direct Fick [2], [4] and CO2 rebreathing [5] 
methods during exercise but was reported to overestimate CO compared with direct [18] and 
continuous [19] Fick methods under exercises condition. As noted by the authors in [19], the poor 
performances of PF-05 in [18] and [19] might be due to that the autocalibratoin algorithm of 
Physioflow is less suited for patients with relatively low SV values. However, the poor 
performance may also result from the inaccuracy of direct and continuous Fick methods at severe 
exercise when the steady state required by the Fick method is rarely available [28]. Further, it is 
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Table 5.11 Summary of reported validation studies ofPF-05. 
Author Population (no. Reference Ex Ref. CO r Bias±sd or reg. 

of subjects; no. method erci values equation 
of trials) se? (L/min) (L/min) 

Studies with positive conclusion on the accuracy of PF-05 
Shoemak Trauma patients Thermodilu No CI ( L / m i W ) 0.91 CI (L/min/m^) 
er et al (262; 907) tion 4.59 土 1.27/ -0.07+0.47 
[24] 4.09±1.37 
Moreau ICU patients Thermodilu No NM 0.88 Bias: -0.014; 
etal [25] (107; 107) tion y=L33x-lJ7 
Haynes ICU patients Thermo-dil No 5.31 ±1.93 0.85 j;=1.39x-2.19 
etal [26] (112; 112) ution 
Charloux Patients (40; 72) Direct Pick Yes 632 土 1.42/ 0.89/ 0.07 ± 0 . 1 2 / 
et al [4] with SAS or 

COPD 
10,15 土 2.35 0.85 0.26 土 1.21 

Richard Healthy subjects Direct Fick Yes NM 0.94 -0.58±1.73 
et al [2] (7，50) 
Tordi et Healthy, young CO2 Yes 17.60±2.69 0.85 0.06±1.41 
al [5] men (8; 40) rebreathing 
Studies with negative conclusion on the accuracy of PF-05 
Bougault COPD (8; 157) Direct Fick Yes 4.7 士 1 .2/4.6 0.85/ 3.2±2.9 /2.5士 
etal [18] 士 0.5 0.70 2.1 
Kemps CHF patients Direct and Yes 3.8±0.7 / 6.2 0.73 48%±26% 
etal [19] (10; 94) continuous 

Fick 
土 1.3 / 9.0 土 

1.8/9.6±2.3 
"+"： mean +standard deviation; r: correlation coefficient between reference CO and CO 
measured by PF-05; Bias: mean error; sd: standard deviation of errors; CI: cardiac index, 
defined as CO/BSA, BSA is the body surface area (m^); NM: not mentioned; SAS: sleep apnoea 
syndrome; COPE): chronic obstructive pulmonary disease; CHF: chronic heart failure; in cell on 

row, 5& colume, “/，，: data of survivors/data of non-survivors; in cells on row，5出,and 
columes, "/": data at rest/data during exercise; in cells on 10* row，5*, and columes, 

“/，’： data during lET/data during IWET, where lET is maximal incremental exercise test and 
rWET is strenuous intermittent work exercise test; in cell on last row, colume, "/": data at 
rest/data during light exercise/data during moderate exercise/data at peak exercise. 
found that although [19] and our study both conducted incremental to maximal exercise test on 
chronic heart failure patients, the CO data from PF-05 reported in [19] differ from our 
experimental observations. In current study, the peak CO measured on heart failure patients was 
12.47+3.70 L mm'\ which is significantly lower than 15.6 土 5.4 L min'̂  reported in [19] but quite 
similar in magnitude to 12.0士3.40 L mirf�，the CO data measured on 219 chronic heart failure 
patients in another symptom-limited exercise test using CO2 rebreathing as CO measuring 
technique [27]. Therefore, we further presume that other reasons except for the accuracy of PF-05 
may also contribute to the big bias between PF-05 and direct Pick's method reported in [19]. Last 
but not the least, it is clearly from Table 5.11 that the correlation between CO measured from 
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PF-05 and that from reference method is high in all studies. This indicates that this device is able 
to trace the changes of CO precisely on different subject populations and under a variant of 
physiological and pathological conditions. The conclusion that PF-05 is a device which measures 
true CO changes is especially important for the validation of the PTRR technique proposed in this 
study, since PTRR itself can only trace the relative changes of CO and it shows high correlation 
with CO obtained from PF-05. 

However, the current study is limited by using the cardiographic device as the only reference 
method to measure standard values of CO, mainly due to the debate on the accuracy of this 
method on chronic heart failure patients during exercise. As mentioned in Chapter 1, heart failure 
patients are the major potential users of a wearable CPO teclinique used under exercise condition. 
Thus it is obligatory to confirm the accuracy of the proposed technique on this population. In the 
future, the accuracy of the proposed technique should be tested on the heart failure patients using 
more accurate CO measurement as reference，e.g. thennodilution. On the other hand, in this study, 
we aim at developing a technique which is potentially to be used under dynamic exercise 
condition in mobile environment, and it is thus better if the experiment set-up is mimicking 
such a situation. However, the subjects of the cmrent study were doing exercise lying on bed, 
mainly due to the inability of the cardiographic device to be used in a mobile environment. 
Further, we found that a mobile design is veiy difficult since no currently established CO 
measurement techniques are available to be used as a reference in mobile 
environment. Therefore, in this study, we first aim at proposing a method for estimating CO 
from signals acquirable from wearable devices and evaluating the accuracy of the proposed 
method for a dynamic range of CO, which is achieved in this study by asking the subjects to 
perform cycling exercise. Next step, the stability and reliability of the proposed teclinique 
under mobile environment should be tested. And the potentially big problems with movement 
artifacts from the PPG-sensor on a mobile subject under dynamic exercise should be 
considered. Algorithms based on smoothed pseudo Wigner-Ville distribution [21], 
independent component analysis [22] and Widrow's adaptive noise cancellation [23] might be 
incorporated to reduce motion artifacts in the signals. 

The experimental results showed that the proposed method can estimate MBP and CO at an 
acceptable precision for medical diagnosis, thus provides a promising wearable technique to 
estimate dynamic CPO. However, some potential pitfalls of using such an indirect method to 
measure CPO should be taken into consideration. In Chapter 3 and 4，we simulated the 
relationship between PAT and MBP and that between PTRR and CO by altering individual model 
parameter. However, in the real physiological conditions, a single model parameter does not 
always changes individually but with other parameters by the complex reflex control of the human 
body. In this study, we mimicked the exercise condition by simultaneously changing related 
parameters according to exercise physiology and discussed the validity of the proposed technique 
under dynamic exercise. In the future, the validity of the proposed technique under other 
physiological conditions, such as drug condition，should be discussed. Besides, novel calibration 
methods should be developed make the proposed technique easier to be implemented in real 
applications. For example, a recently developed hydrostatic approach utilized the hydrostatic BP 
changes to calibrate the BP linear prediction model and no extra reference BP measurement is 
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needed [20]. Further, in order to apply the proposed method for monitoring CPO during daily 
activities, algorithms might be incorporated to reduce motion artifacts in the signals. 

In addition, the validation of the proposed model is limited to qualitatively compare the simulation 
result with some experimental data published in previous studies. Further verification of proposed 
model based on invasively measured ventricular-aortic hemodynamic data under different 
physiological condition is necessary to assure that the proposed model can represent the behavior 
of the real heart-arterial system with sufficient accuracy. 

5.4 Conclusion 
In this chapter, we presented the experiment validation for the theoretical findings in chapter 3 and 
4. A supine bicycle exercise study was conducted on a wide range of subjects, including 
populations with different age ranges and patients with different cardiovascular diseases. The 
experiment results showed high consistence with the theoretical findings in: 
1) During dynamic exercise, there were significantly high and negative correlations between PAT 

and SBP and between PAT and MBP but a low negative correlation between PAT and DBP; 
2) PAT may underestimate MBP during high exercise levels due to the influence of DBP drop 

caused by decreasing peripheral resistance; 
3) During dynamic exercise, there was a significantly high and positive correlation between 

PTRR^ and CO. 
The MBP estimation results passed the requirements of the AMMI standard and CO estimation 
results were considered as clinically acceptable, indicating the proposed method a promising 
measuring technique of CPO during dynamic exercise. 
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Chapter 6 

Conclusions and Suggestions for Future Work 
This thesis focuses on developing a novel measurement technique of CPO in dynamic exercise 
using multiple physiological signals measured on body surface, specifically, electrocardiogram 
(ECG) and photoplehtysmogram (PPG). The main work is composed of three parts: 1) a 
model-based study on the relationship between pulse arrival time and arterial blood pressure; 2) a 
novel approach for cardiac output estimation using ECG and PPG; 3) experimental work for 
estimation of cardiac power output in dynamic exercise. The origmality and contribution of this 
thesis study from each part are summarized as follows. 

6.1 Summary 
6.1.1 A model-based study on the relationship between pulse arrival time and arterial blood 

pressure 

In chapter 3，we focused on developing the mathematical relationship between PAT and BP by 
modeling the heart-arterial interaction. Our work started from investigating the influence factors of 
PEP through a pressure-source ventricular model which describes the ventricular pressure as a 
function of volume and time. The exponential mathematical form of this model uses separate 
mathematical equations for ventricular isovolumic contraction phase (non-ejection phase) and 
ejection phase, which provides basis for developing an explicit PEP mathematical description. 
Based on the experimental observations by Regen et al [1] and the previous theoretical 
investigations by Ottesen and Danielsen [2], we improved this model by introducing the arbitrary 
heart rate into the exponential mathematical form of ventricular pressure activation function and 
further deduced the explicit mathematical expression of PEP as a function of DBP and other 
ventricular parameters, such as heart contractility, end-diastolic volume, etc. This work firstly 
quantitatively clarified the ventricular and arterial effects on PEP timing. 

Secondly, we described the arterial system by an asyimnetric T-tube model composed of two 
fiictionless transmission paths terminated by complex loads. The asymmetric T-tube model was 
adopted here since it provides a suitable compromise between a model's capacity to reproduce key 
features of the cardiovascular system and its simplicity for mathematical tractability. PTT and BP 
were both parameters in the asymmetric T-tube model, however, they were not mathematically 
related. We then built the relationship between PTT and BP by introducing a nonlinear 
pressure-volume relationship into the model. This modification quantitatively described the effect 
of pulsatile BP on arterial parameters in the model. 

Thirdly, we proposed the mathematical equation between PAT and BP by coupling the modified 
ventricular and arterial models. Then, we validated the performance of the coupling model by 
qualitative and quantitative comparisons of the model outputs with previous in-situ experimental 
results. Then, the relationships between PAT with systolic blood pressure (SBP), MBP and DBP 
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were simulated under changing heart contractility, preload, heart rate, peripheral resistance, 
arterial stif&iess and a mimic exercise condition. The simulation results indicated significantly 
high and negative correlations between PAT and SBP and between PAT and MBP whereas the 
correlation between DBP and PAT was low. To our knowledge, it is the first study describing the 
quantitative relation of PAT and BP by model of ventricular-arterial coupling. 

6.1.2 A novel approach for cardiac output estimation using electrocardiogram and 
photoplethysmogram 

A novel CO index, namely PTRR was derived from the asymmetric T-tube model and expressed in 
terms of MBP and mean aortic reflection coefficient (r(0)). PTRR was ftirther expressed in terms 
of PAT and inflection point area (IPA), a surrogate of r(0) from the shape feature of PPG EPA is 
the ratio of the area after the inflection point on the PPG waveform to the area of the whole curve 
and it was proposed based on the hypothesis that the diastolic part of the PPG curve was mainly 
composed of reflective waves and the systolic PPG wave mainly consisted of the forward wave. 
The relationships between PTRR and CO and between EPA and r(0) were simulated under 
changing heart contractility, preload, heart rate, peripheral resistance, arterial stiffiiess and a mimic 
exercise condition. Simulation results suggested that r(0) was mostly sensitive to the changes of 
peripheral resistance and arterial stiffiiess and changing of these two factors induced a 
significantly positive and high correlation between EPA and r(0) during exercise. Simulation 
results further indicated that PTRR was able to trace CO changes with a high precision under 
changing contractility, preload, peripheral resistance and during exercise. The convex effect from 
PAT and concave effect from IPA on estimated CO during exercise compensated each other in the 
calculation of PTRR, making PTRR a better surrogate of CO than introducing PAT or EPA along. 
In addition, a simpler form of PTRR, PTRR^, can be used as an acceptable surrogate of PTRR 
during changing heart contractility, peripheral resistance and during exercise. Finally, we 
addressed the feasibility of using constant characteristic impedance (Z。）in the PTRR. The 
simulation results demonstrated that Zc kept almost unchanged during exercise and CO estimated 
by PTRR with constant Zc approximately achieved a similar precision level those estimated by 
PTRR with variant 

6.1.3 Experimental work for estimation of cardiac power output in dynamic exercise 
In order to verify the theoretical findings, two experiments were carried out. One was incremental 
supine bicycle exercise conducted on 19 young healthy subjects and the other was incremental to 
maximum supine bicycle exercise conducted on 65 subjects, including 30 heart failure patients, 20 
cardiovascular patients and 15 healthy elderly subjects. The data analysis was mainly composed of 
two parts, MBP analysis and CO analysis mainly due to the lack of standard to evaluate the 
accuracy of a novel CPO measuring method. 

In BP analysis, two PATs, PATear and PATfmger, were calculated from PPG measured from the ear 
and finger, respectively. An approximate of PTT on the brachial artery, namely PTTbra, was 
obtained by subtracting PATear from PATfinger. Results of linear correlation analysis revealed that: 1) 
PAXfinger and PATear wcrc superior surrogates of SBP and MBP to PTTbra； 2) The mean correlation 
coefficient (mean r) between PATs and SBP and that between PATs and MBP were significantly 
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higher than that between PATs and DBF; 3) Performances of PATfmger，PATear and PTTbra on DBP 
were comparable. These results strongly supported the theoretical findings in chapter 3. In CO 
analysis, since Zc was unavailable, two surrogates of PTRR, PTRR弁 and PTRR', were used to 
investigate the relationship between PTRR and CO. PTRR* was different from PTRR# by 
including an extra calibration from PAT to MBP inside and it was introduced to test whether MBP 
measurement is a necessity in CO estimation using PTRR. The results revealed that both PTRR 
and PTRR* showed high correlations with reference CO, which were consistent with the 
theoretical findings in chapter 4. Further, the results indicated 

that PTRR' andPTRR^ showed 
comparable correlations with CO, demonstrating that BP measurement may not be a necessity in 
the CO estimation. To conclude, the above experiment results verified the main theoretical 
findings of the model 
Finally, based on the theoretical and experimental verifications, linear prediction models were 
proposed to estimate MBP from PAT and estimate CO from PTRR. Mean calibration method was 
utilized, because calibration with any single reference and estimated values would bias the 
subsequent evaluation results. The results showed that PAT can estimate MBP with a standard 
deviation of 7.42 nmiHg, indicating PAT model has the potential to achieve the accuracy required 
by AMMI standard (mean error within ± 5 mmHg and SD less than 8 mniHg). The results also 
showed that PTRR can estimate CO with a percent error of 22.57%, showing an accuracy which 
was considered as clinically acceptable (percent error less than 30%). 

To summarize, the original contributions of this thesis are: 

1. An explicit mathematical description of PEP in terms of DBP was proposed, which in the first 
time quantitatively clarified the ventricular and arterial effects on PEP timing. 

2. A nonlinear pressure-volume relationship which reflected the natural arterial wall properties 
was introduced into the asymmetric T-tube arterial model, which effectively and quantitatively 
described the effect of pulsatile BP on arterial parameters, e.g., compliance, PIT etc. 

3. A mathematical relationship between PAT and BP was firstly proposed as a result of the 
heart-arterial interaction, which simulated a significantly strong and negative relationship 
between PAT and SBP and between PAT and MBP but a much weaker negative relationship 
between PAT and DBP during exercise. The hypothesis was supported by the experiment data. 
To our knowledge, it is the first study describing the quantitative relation of PAT and BP by 
both model-based study and experimental data. 

4. A novel wearable measurable CO parameter, PTRR, was proposed and it successfully showed 
a significantly high and positive correlation with CO during exercise both in model simulation 
and in the experiments. 

5. Linear prediction models using PAT to estimate MBP and using PTRR to estimate CO were 
proposed and evaluated in two exercise experiments conducted on 84 subjects with different 
ages and cardiovascular diseases. Results showed the proposed method could achieve the 
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accuracy required for medical diagnosis. 

6. By the findings in 3,4 and 5，this study in the first time provided both the theoretical basis and 
experimental verifications of developing a wearable and direct measurement technique of 
CPO in dynamic exercise using multiple physiological signals measured on body surface. 

6.2 Suggestions for future work 
6.2.1 Future study on the proposed heart-arterial coupling model 
The two transmission lines in the asymmetric T-tube model are not real arterial segments but 
virtual branches which only functionally describe the wave transmissions in the upper and lower 
body terminals as seen from the heart. However, PPG is measured from a real physical site on the 
body surface which has a certain distance away the aorta. Hence, the PTT measured from PPG 
signal is not necessarily related to the PTT parameter interpreted in the model In this study, we 
linked these two timings by introducing the experimental findings reported by Hahn et al [3] 
where PTT estimated from the asymmetric T-tube model only differed from PTT measured from 
the real physical sites by a constant bias. However, this assumption is not necessarily valid for our 
study. PTT in Hahn's experiment was measured from the aortic root to the radial artery of the 
swine, and it defers from PTT measured from PPQ since the path of the former only includes the 
main arteries but the latter also includes small arteries and arterioles. The wave transmission in the 
small arteries and arterioles are different from that of the big arteries, due to sharply increased 
arterial resistance and decreased arterial conductance. Hence, both experimental and theoretical 
investigations are suggested in the future to verify the relationship between PTT estimated from 
the asymmetric T-tube model and PTT measured from PPG 

In addition, the validation of the proposed model is limited to qualitatively compare the simulation 
result with some experimental data published in previous studies. Further verification of proposed 
model based on invasively measured ventricular-aortic hemodynamic data under different 
physiological condition is necessary to assure that the proposed model can represent the behavior 
of the real heart-arterial system with sufficient accuracy. 

6.2.2 Future development of wearable cardiac power output measurement 
This study provided both the theoretical basis and experimental verifications of developing a 
wearable and direct measurement technique of CPO in dynamic exercise using ECG and PPG If a 
wearable device of CPO is to be developed based on this approach, several work needs to be done 
in the future: 

Further improvement of the proposed technique 

As mentioned in the discussion of chapter 5, there is a trend of underestimation at lower MBP 
levels but overestimation at higher MBP levels when MBP is estimated from PAT through a linear 
model. This may be mainly due to the overestimation of PAT on MBP during higher exercise level 
where the rising of MBP is reduced by the drop of DBP induced by sharply decreasing of 
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peripheral resistance whereas the changing trend of PAT is little influenced by this phenomenon. 
Hence，a simple linear model based on a single PAT may be not accurate enough for MBP 
estimation during dynamic exercise, and instead, indices which trace DBP changes should be 
added into the model. Besides, a novel calibration method should be proposed in the foture to 
make the technique easier to be implemented in real applications. Further, in order to apply the 
proposed method for monitoring CPO by a wearable device, algorithms to reduce the motion 
artifacts interference should be developed and incorporated into the system. 

Further validation of the proposed technique 

The validation of the proposed technique on heart failure patients is critical since heart failure 
patients are the major target users of a wearable CPO measurement device. However, although the 
proposed technique showed a good estimation performance for both MBP and CO on the heart 
failure patients enrolled in our experimental study, the results may be doubted due to the potential 
inaccuracy of the CO measurement on chronic heart failure patients by the cardiographic device 
PF-05 [4]. Therefore, more invasive but accurate CO methods such as thermodilution and Pick's 
method should be used as reference to verify the testing technique on chronic heart failure patients 
in future. In addition, The wearable device based on the proposed technique should be further 
tested on mobile subjects during movements. 
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