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Summary 
Arterial compliance (C) is a complex parameter influencing 
ventricular-arterial coupling depending on structural (arterial wall 
remodeling) and functional (blood pressure, smooth muscles 
tone) changes. Based on Windkessel model, C can be calculated 
as the ratio of a time constant Tau characterizing diastolic blood 
pressure decay and total peripheral resistance (TPR). The aim of 
this study was to assess changes of C in the context of systolic 
arterial pressure (SAP) perturbations during four physiological 
states (supine rest, head-up tilt, supine recovery, mental 
arithmetic). In order to compare pressure independent changes 
of C a new index of C120 was proposed predicting C value at 
120 mm Hg of SAP. Eighty-one healthy young subjects (48 f, 
average age 18.6 years) were examined. Hemodynamic 
parameters were measured beat-to-beat using volume-clamp 
photoplethysmographic method and impedance cardiography. 
We observed that C was strongly related to SAP values on the 
beat-to-beat time scale. Interestingly, C120 decreased significantly 
during stress phases. In conclusion, potential changes of SAP 
should be considered when measuring C. Arterial compliance 
changes in the opposite direction to TPR pointing towards 
influence of vascular tone changes on its value. 
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Introduction 
 

Arterial compliance (C) is an important index 
characterizing mechanical vascular properties 
significantly influencing ventricular-arterial coupling. 
Decreased C is associated with various physiological (age 
(McEniery et al. 2005, O’Rourke and Hashimoto 2007)) 
and pathophysiological (hypertension, diabetes, 
atherosclerosis (Chemla et al. 2003, Nagai et al. 2001)) 
processes and thus its estimation has for a long time 
interested clinicians and cardiovascular physiologists. 
However, the noninvasive estimation of the C is still 
a challenging task. In order to estimate the value of C or 
its reciprocal value – arterial stiffness, numerous methods 
or surrogate indexes were proposed (Hallock and Benson 
1937, Levenson et al. 1981, Stergiopulos et al. 1995, 
Vlachopoulos et al. 2006). Currently, pulse wave velocity 
(PWV) is considered as the gold standard of non-invasive 
and reproducible method to determine arterial stiffness 
(Laurent et al. 2006). 

Besides PWV, several methods for estimation of 
C were developed based on the Windkessel model of 
cardiovascular system. In this model, cardiovascular 
system is simplified into a set of tubes with two or more 
parameters, depending on the model complexity (Sagawa 
et al. 1990). The simplest Windkessel model is described 
by two parameters – C and total peripheral resistance 
(TPR). According to this model, time constant τ – the rate 
of the arterial blood pressure decay during diastolic phase 
– is the product of these two parameters. Given the 
relationships between C, TPR and τ, C value can be 
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calculated as the ratio of τ over TPR. However, 
a determination of τ is associated with methodological 
difficulties, i.e. arterial blood pressure curve has to be 
measured centrally – e.g. in the aortic arch – because of 
the distortions in peripheral arterial blood pressure curve 
due to pulse wave reflections (Kroeker and Wood 1955). 
Today, the most reliable method of central blood pressure 
curve recording is using catheter equipped with  
a pressure sensor. This solution is invasive, therefore, its 
usability is limited to the patients with intra-aortic 
measurement of blood pressure. 

Furthermore, when interpreting changes in C as 
an index of structural arterial changes (mostly related to 
atherosclerotic process), several confounders potentially 
influencing estimated value should be considered, 
including arterial pressure (Cohen et al. 2020, Hallock 
and Benson 1937), smooth muscle cells tone (Bank et al. 
1995, Cox 1975, Czippelova et al. 2019) related to 
sympathetic nerve activity (Nardone et al. 2018), and 
heart rate (Lantelme et al. 2002, Tan et al. 2016). A better 
understanding of changes in C related to above 
mentioned confounding factors could improve our 
understanding of short-term and long-term C variability. 
It is important to take into consideration potential short-
term C changes when interpreting C value as an index of 
clinically important vascular stiffening. 

Therefore, the aim of this study was to develop 
the methodology for the noninvasive beat-to-beat 
estimation of C and to assess pressure-independent 
changes of C in the context of alterations in vasomotor 
tone (manifested by changes in TPR) during standardized 
protocol including resting phases, orthostatic stress and 
cognitive load. To solve this task, we used recently 
developed method for continuous and non-invasive 
determination of τ using only parameters which are 
known to be robust against distortions due to wave 
reflections. It makes this method applicable on the 
peripheral blood pressure curve obtained by volume-
clamp photoplethysmographic method (Arai et al. 2011). 
Together with calculated TPR values from the ratio of 
mean arterial pressure (MAP) and cardiac output (CO) 
obtained using impedance cardiography we calculated 
C values as the ratio of τ and TPR for each heart beat. 
 
Methods 
 
Subjects 

In this study a total of 81 young and  
healthy Caucasians (48 females), aged 18.56 years 

(SD=2.88 years), were enrolled. All subjects  
were normotensive, nonobese (BMI=21.74 kg/m2,  
SD=2.32 kg/m2) and were not taking any medications at 
the time of the study. Subjects were instructed not to use 
substances influencing autonomic nervous system or the 
cardiovascular system activity during 24 h before the 
examination. All measurements took place in the morning 
hours (from 8 am to 11 am) in a quiet examination room 
with ambient temperature ranging between 22 and 25 ℃. 
Female subjects were examined during the proliferative 
phase (5th-12th day) of their menstrual cycle. All subjects 
or their legal representatives (in participants under 
18 years of age) gave written informed consent prior to 
the examination. The study was approved by the ethical 
committee of the Jessenius Faculty of Medicine, 
Comenius University. 
 
Study protocol 

Subjects were positioned on a motorized tilt 
table with a foot support. A restraining strap secured at 
the thigh level was used to provide additional support and 
safety. Subjects were asked to avoid unnecessary 
speaking and moving during the measurement. The study 
protocol consisted of four consecutive phases: 

1. supine rest (REST, 15 min), 
2. head-up tilt (HUT, the subject was tilted to 

45 degrees for 8 min to evoke mild orthostatic 
stress), 

3. supine recovery (REC, recovery from HUT for 
10 min), 

4. mental arithmetic (MA, mental arithmetic task in 
the supine position for 6 min to evoke mental 
stress). 

During the non-verbal MA task, subjects were 
instructed to sum up digits of randomly generated three-
digit number until a one-digit number was reached and to 
decide whether the final result is odd or even. After that, 
the subject had to click on the corresponding button 
(indicated as “odd” or “even”) projected on the ceiling 
with a wireless mouse. The sequence of three-digit 
numbers was projected on the ceiling of the examination 
room. During the MA task, rhythmic sound was 
generated by the metronome to disturb the examined 
subject. Subjects were instructed to perform the 
calculations without verbalization as quickly and as 
accurately as possible. 
 
Data acquisition 

We simultaneously and noninvasively recorded 
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arterial blood pressure curve from finger with the 
subsequent brachial arterial blood pressure reconstruction 
by the photoplethysmographic volume-clamp method 
(Finometer Pro, FMS Netherlands). A hydrostatic height 
correction unit was attached on the measured arm at the 
level of aorta to correct for effects of hydrostatic pressure 
associated with the vertical distance between the aorta 
and finger. RR intervals were recorded by ECG 
(horizontal bipolar lead; CardioFax ECG-9620, 
NihonKohden Japan). In addition, hemodynamics 
parameters including stroke volume (SV) and CO were 
recorded by the impedance cardiography (CardioScreen 
2000, Medis, Germany). All signals were digitized at  
a sampling rate of 1 kHz. 
 
Data extraction 

To exclude transient changes in cardiovascular 
parameters between consecutive phases of the study 
protocol from analysis, we extracted continuous segments 
of 300 beats from the original recordings as follows: 

1. REST phase – started 8 min after the beginning of 
the measurement, 

2. HUT phase – started 3 min after the change of 
position from supine to tilt, 

3. REC phase – started 3 min after the subject was 
tilted back to supine position, 

4. MA phase – started 2 min after the beginning of 
the calculation task. 

Measurement of hemodynamic parameters using 
impedance cardiography is very sensitive to movement 
artifacts, skin condition and distribution of fat. 
Sometimes, we were not able to determine hemodynamic 
parameters for each heart beat because of these 
limitations. Only subjects with all four segments 
containing at least 250 of artifact free heart beats were 
included for further analysis. 
 
Determination of arterial compliance 

In order to quantify the value of C, we applied 
a recently developed method (Arai et al. 2011). This 
approach allows to estimate time constant τ for each heart 
beat separately (τi). Estimation of τi is based only on 
parameters which are not influenced by distortion due to 
pulse wave reflection – cardiac cycle duration (Ti) 
measured between present diastolic arterial pressure 
value DAPi and preceding DAP value (DAPi-1), mean 
arterial pressure during this cardiac cycle (MAPi) and 
time interval from the onset of systolic increase of blood 
pressure (at the moment of DAPi-1 occurrence) to the 

following systolic arterial pressure peak (Tsi). 
The advantage of this method is that time 

constant τ is calculated exclusively by the parameters, 
which are obtainable from the peripheral arterial blood 
pressure curve. 

Furthermore, based on the Windkessel model, 
time constant τ is a product of C and TPR: 
 
  𝜏𝜏 =  𝐶𝐶 ⋅ 𝑇𝑇𝑇𝑇𝑇𝑇   (1) 
 
While TPR is given by: 
 
  𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑀𝑀𝑀𝑀

𝐶𝐶𝐶𝐶
   (2) 

 
Therefore, C can be calculated according to the following 
equation: 
 
  𝐶𝐶 = 𝜏𝜏

𝑇𝑇𝑀𝑀𝑇𝑇
    (3) 

 
Monitoring relationship between arterial compliance and 
pressure in the context of vasomotor tone alterations 

C is strongly dependent on arterial blood 
pressure making interpretation of its changes during 
perpetual arterial blood pressure perturbations very 
complicated. Therefore, we propose a new simple index – 
C120 – for the quantification of arterial pressure 
independent changes in C. This index is derived from the 
relationship between C and arterial pressure which is by 
nature nonlinear (Bank et al. 1995, Gavish and Izzo 
2016). As a next step, we fit an exponential function to 
measured beat-to-beat data relating C to SAP for each 
phase separately: 
 
  C = a ⋅ e−SAP⋅b + c  (4) 
 
where a, b and c are parameters to be estimated by fitting 
measured C and SAP values. 

We decided to use SAP as a pressure parameter 
because of its largest variability within subject during 
study protocol. In addition, SAP is the pressure causing 
the most prominent stretching of elastic arteries –  
an effect significantly influencing their compliance. 
Finally, using the fitted function, we predicted the value 
of C at 120 mm Hg of SAP. We chose to use the value of 
SAP at 120 mm Hg as a reference value typical for 
healthy individuals. 

Furthermore, changes of C were interpreted in the 
context of alterations of vascular resistance (TPR) 
reflecting changes in sympathetic activity directed to the 
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vessels to elucidate possible mechanism of observed 
differences. 
 
Statistics 

The Shapiro-Wilk test was used to determine the 
normality of all assessed variables. Paired t-test was used 
to compare parameters between baseline (REST, REC) 
and stress phases (HUT, MA), however, if violations of 
normality occurred, the Wilcoxon signed rank test was 
applied. A p<0.05 was considered statistically significant. 
 

Results 
 
Changes of basic cardiovascular parameters 

Measured parameters are presented in Table 1. 
Each variable significantly changed from preceding 
baseline phases (REST, REC) to corresponding stress 
phase (HUT, MA). HUT induced an increase in heart rate 
(HR) and DAP, whereas SAP, MAP and PP decreased. In 
response to MA, an increase was observed in each 
parameter. Throughout the whole study, the changes in 
SAP were more prominent than changes in MAP or DAP. 

 
 
Table 1. Changes of basic cardiovascular parameters between baseline and stress phases.  
 

Variable Rest HUT p REC MA p Distribution 

HR (beats/min) 66.9 (6.4) 84.6 (7.6) <0.001 65.3 (6.7) 76.4 (6.8) <0.001 non-Gaussian 
SAP (mm Hg) 121.4 (5.6) 115.8 (6.4) <0.001 123.6 (6.0) 133.7 (4.1) <0.001 Gaussian 
MAP (mm Hg) 89.8 (3.9) 88.4 (4.5) <0.01 91.6 (4.3) 100.0 (3.4) <0.001 Gaussian 
DAP (mm Hg) 70.7 (3.5) 71.8 (4.0) <0.01 72.2 (3.9) 79.0 (3.2) <0.001 Gaussian 

 
Values are presented as mean or median (SD or interquartile range – IQR) depending on distribution – Gaussian/non-Gaussian.  
p-values refer to comparison between neighboring phases – (REST vs. HUT) and (REC vs. MA). Type of data distribution (Gaussian vs. 
non-Gaussian) is presented in the last column. 
 
 
Estimation of arterial compliance 

The estimated values of τ and TPR are presented 
in Fig. 1. Fig. 1a shows that during stress phases, time 
constant τ statistically significantly decreased. In 
addition, we observed that TPR also statistically 
significantly increased during both stress phases as it is 
depicted in Fig. 1b. According to Eq. 1, observed increase 
in TPR during HUT should lead to a concomitant 

increase in τ. In contrast, we observed a decrease in τ 
during stress phases. 

Applying Eq. 3, we were able to estimate values 
of C. C significantly decreased during both stress phases 
(Fig. 2a). In Fig. 2b differences in mean C values 
between REST-HUT and REC-MA are depicted –  
C decrease was of similar magnitude during both stress 
phases. 

 
 

 
 
 

 
 
Fig. 1. Box plots illustrating changes 
of τ (Wilcoxon signed rank test) and  
TPR (Wilcoxon signed rank test) 
during four phases of the study 
protocol. *** indicates a statistically 
significant difference between stress 
phase and preceding rest phase. 

(a) Time constant τ.                    (b) Total peripheral resistence. 
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Fig 2. Box plots illustrating changes of 
estimated C (Wilcoxon signed rank 
test) during four phases of the study 
protocol. *** indicates a statistically 
significant difference between stress 
phase and preceding rest phase,  
ns – not significant. 
 
 

Relationship between arterial compliance and systolic 
arterial pressure 

An example of the relationships between C and 
SAP in one representative subject is illustrated in Fig. 3. 
Generally, C decreases with an increase in SAP. We 
observed that the expected relationship between SAP and 
C holds for the given phase but it shifts during stress 
phases (HUT, MA). To minimize the effect of SAP 

changes during study protocol on C values, we calculated 
C120 as a value of C at the SAP of 120 mm Hg. Using this 
approach, we found a significant decrease of C during 
stress phases. Measured decrease of C120 from REST to 
HUT phases was more prominent than the decrease from 
REC to MA phase (Fig. 4b). These differences are 
reflected by shifts of relationships between C and SAP 
during study protocol (Fig. 3). 

 
 

 
 
Fig. 3. Relationships between beat-to-beat C and SAP values in one representative subject during all phases with fitted exponential 
functions and estimated values of C120. With beat-to-beat measurement we obtained large set of data points (C in relation to SAP) with 
uneven distribution of SAP values potentially affecting the fitted function. To avoid this issue, all data points were equally distributed 
into 10 bins with random oversampling of recordings. 
 
 

 

 
 
Fig. 4. Box plots illustrating changes 
of predicted values of arterial 
compliance (Wilcoxon signed rank 
test) at the systolic arterial pressure of 
120 mm Hg during four phases of the 
study protocol. *** indicates 
a statistically significant difference 
between stress phase and preceding 
rest phase. 
 
 

(a) Arterial compliance                  (b) Differences between rest and stress 
     calculated by Eq. 3.                        phases in mean values of C. 

(a) Predicted C120.                           (b) Differences between rest and 
                  stress phases in values of C120. 
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Discussion 
 

In the present study, we noninvasively assessed 
changes in C from rest to stress conditions (orthostasis, 
mental arithmetics) calculated from diastolic blood 
pressure decay time constant τ and TPR changes. We 
observed a nonlinear relationship between C and SAP 
during given physiological state indicating that for the 
more objective estimation of C changes in SAP values 
should be considered. Therefore, an approach estimating 
a standardized C value at SAP of 120 mm Hg (C120) was 
introduced. The major findings of this study are: 

(a) changes in τ during our study protocol are 
more attributable to C than to TPR changes, 

(b) the nonlinear relationship between C and 
SAP is not fixed but it shifts during stress conditions, 

(c) after standardization for SAP changes, 
C decreases more during orthostasis than during cognitive 
challenge, 

(d) C changes are the opposite direction to 
TPR changes pointing towards the influence of vascular 
tone on C. 

The mechanism of human organism adaptation 
to orthostatic stress evoked by HUT is well known. 
During orthostasis, a redistribution of the blood in lower 
part of the body occurs, thus decreasing cardiac filling 
and cardiac output with concomitant decrease of blood 
pressure. In response to these changes, the autonomic 
nervous system activity changes influence HR, 
sympathetic nerve activity and TPR via baroreflex in 
order to maintain baseline MAP (Cooper and Hainsworth 
2001, Nardone et al. 2018, O’Leary et al. 2003, 
Sugawara et al. 2012). In addition, a decreased C or 
increased arterial stiffness were consistently found in 
previous studies during orthostasis (Hasegawa and 
Rodbard 1979, Huijben et al. 2012). In contrast to our 
approach, these studies measured mostly PWV where the 
effect of SAP fluctuations was not considered potentially 
introducing confounding factor into C estimation. 

Our raw results of C estimation without 
considering an effect of SAP agree with previous 
findings, that C decreased during HUT (Fig. 2). In 
addition to decreased C, TPR and HR increased, whereas 
SAP and MAP decreased. These changes of 
hemodynamic parameters are potentially associated with 
changes of C of varying magnitude (Bank et al. 1995, 
Cohen et al. 2020, Cox 1975, Czippelova et al. 2019, 
Hallock and Benson 1937, Tan et al. 2016), therefore, 
they should be controlled for. Usually it was done by 

controlling for changes in pressure with an assumption of 
linear dependency between C and arterial pressure. 
However, this is an oversimplification because the 
relationship between C and arterial pressure is not linear 
(Bank et al. 1995, Gavish and Izzo 2016). 

To solve these issues, we tried to find 
relationship between C and SAP as the first step. We 
found that C exponentially decreases with increasing SAP 
(Fig. 3) which is in agreement with stress-strain 
relationship (Bank et al. 1995). From this relationship, 
we were able to control for pressure changes and to 
compare C between different phases even when blood 
pressure changed. SAP during HUT slightly decreased 
together with a decrease in C. If only SAP effect on C 
would be considered without a change in arterial 
properties, a decrease in SAP would be associated with 
an increase in C. However, the observation of decreased 
C indicates that the SAP-C curve shifted (a representative 
example is presented in Fig. 3) reflecting a change in the 
arterial tree properties associated with orthostatic 
reaction. Not surprisingly, we observed after the pressure 
adjustment that a decrease in C was even more prominent 
when normalized to SAP changes using a newly 
introduced index C120. Similar shifts in C were observed 
in previous studies where an effect of vasomotor tone 
changes on C was demonstrated (Bank et al. 1995, 
Pagani et al. 1979). Both studies evoked vasoconstriction 
or vasodilation using vasoactive substances in adult male 
subjects (Bank et al.) or adult sheep (Pagani et al.) which 
led to a shift in relationship between C or arterial 
diameter and blood pressure. In contrast to these studies, 
we were able to measure these shifts in SAP-C curves 
noninvasively during various physiological states. 

In our study, TPR significantly increased during 
HUT indicating vasoconstriction response – we assume 
that the observed shift of the relationship between C and 
SAP was also associated with vasomotor activity. In 
agreement with this concept, in previous study 
a concomitant increase in sympathetic activity to the 
vessels and arterial stiffness (expressed by PWV) was 
observed during lower body negative pressure simulating 
orthostatic challenge without altering arterial blood 
pressure, HR or TPR indicating independent influence of 
sympathetic activity on C (Nardone et al. 2018). 

Furthermore, Czippelova et al. (2019) observed 
similar associations between CAVI (arterial stiffness 
index independent of pressure changes (Hayashi et al. 
2015)) and vascular resistance. They observed that the 
young obese subjects have lower CAVI indicating higher 
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C, together with a decreased TPR. Moreover, they found 
lower cardiovascular sympathetic activity in this group. 
These results also point towards the influence of 
sympathetic activity on changes of C. 

Mental stress elicits sympathetic activity 
increase causing an increase in blood pressure, HR and 
vasoconstriction in the renal and splanchnic vascular beds 
accompanied by the vasodilation in skeletal muscles 
(Kuipers et al. 2008, Lindvall et al. 1991, Wasmund et al. 
2002). Furthermore, MA was found to decrease C as well 
demonstrated indirectly using PWV, CAVI and 
augmentation index measurement (Lydakis et al. 2008, 
Matsumura et al. 2019, Vlachopoulos et al. 2006). In our 
study, MA task evoked similar reactions – a significant 
increase in blood pressure measures, HR (Table 1) and 
TPR (Fig. 1b), whereas C significantly decreased 
(Fig. 2a). Knowing previously mentioned potential 
association of SAP with C, we controlled for pressure via 
fitted exponential function using C120 index (Fig. 3) and 
we still observed decreased C (Fig. 4a). However, this 
decrease was smaller compared to orthostasis potentially 
corresponding to the smaller increase in TPR during MA 
compared to HUT. 

Similar to C120 index, β stiffness index and 
CAVI are considered pressure independent indices of 
arterial stiffness. However, we believe that proposed  
C120 index might be a valuable alternative to the 
established indexes having in mind differences in 
applicability and limitations of each index. β stiffness 
index quantifies only local arterial stiffness. Non-invasive 
and beat-to-beat estimation of its value requires 
simultaneous recording of changes in cross-sectional area 
of the selected artery and corresponding changes in blood 
pressure introducing inevitable methodologic difficulties 
(Hayashi et al. 1980). On the other hand, CAVI 
quantifies systemic arterial stiffness because it is 
measured on the much larger segment of arterial tree 
between heart and ankle. However, beat-to-beat 
estimation of CAVI is currently not possible. 
Furthermore, recent studies challenged the ability of 
CAVI to quantify pressure independent arterial stiffness. 
New index CAVI0 solves this problem (Giudici et al. 
2021). Another disadvantage of CAVI or CAVI0 index is 
a need to calculate PWV. To accurately calculate PWV it 
is required to know the distance within arterial system 
and the time needed for propagation of pulse wave from 
one measurement point to another. The main problem is 
with an estimation of distance – it is usually estimated 
from the body height of the measured subject potentially 

introducing an error. For CAVI index calculation, PWV 
is squared which even more increases this error. 

C120 index is derived from beat-to-beat 
estimation of systemic arterial compliance and blood 
pressure (SAP), rendering it an only index directly 
derived from a relation between C and SAP. To be able to 
estimate C with proposed method it is required to record 
continuous peripheral blood pressure curve and SV for 
every beat. Both these signals are easily measured by 
volume-clamp method and impedance cardiography. 
Furthermore, beat-to-beat values of C measured by 
proposed method might be a valuable tool for the analysis 
of causal relationships between cardiovascular measures. 
The most important disadvantage of C120 index is in its 
requirement of longer measurement than other indexes 
for proper estimation of the relation between C and SAP. 

With the noninvasiveness of our approach, 
measurement errors could be introduced in the estimation 
of cardiovascular parameters. Furthermore, the method of 
time constant τ estimation was validated only on animal 
model (Arai et al. 2008). In order to estimate values of C, 
the Windkessel model was used which oversimplifies the 
arterial tree, e.g. the arterial tree is modeled with separate 
“conduit” (TPR) and “cushioning” (C) elements (Eq. 1) 
or the pulse wave velocity is considered as infinitely high 
(Laurent et al. 2006). Moreover, C could be associated 
with several other factors (e.g. heart rate). In this study 
we only controlled for a well-documented effect of 
arterial blood pressure changes. We did not measure 
sympathetic nerve activity to the vessels directly because 
of its invasiveness. 

From the clinical point of view, our results 
demonstrate that C estimation should consider arterial blood 
pressure perturbations. In addition, changes in C associated 
with short- or long-term vascular tone perturbations should 
be considered when interpreting C as an index of structural 
vascular changes (e.g. associated with atherosclerosis). 
Because of the observed short-term effects of physiological 
state changes on C values, our results also indicate  
an importance of measurement conditions standardization 
during examination of vascular stiffness (or surrogate 
indices). 

We conclude that we introduced a Windkessel 
model-based method for noninvasive assessment of beat to 
beat C changes in the context of instantaneous arterial blood 
pressure changes. In relatively large group of young and 
healthy volunteers we demonstrated that C changes also on  
a short time scale independent on blood pressure changes – 
it decreases during cognitive load and even more 
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prominently during orthostatic test. These changes 
potentially reflect changes in vasomotor tone directed to 
arterial tree. 
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