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Abstract: Hemodynamic monitoring technologies are evolving continuously—a large number of
bedside monitoring options are becoming available in the clinic. Methods such as echocardiogra-
phy, electrical bioimpedance, and calibrated/uncalibrated analysis of pulse contours are becoming
increasingly common. This is leading to a decline in the use of highly invasive monitoring and
allowing for safer, more accurate, and continuous measurements. The new devices mainly aim to
monitor the well-known hemodynamic variables (e.g., novel pulse contour, bioreactance methods
are aimed at measuring widely-used variables such as blood pressure, cardiac output). Even though
hemodynamic monitoring is now safer and more accurate, a number of issues remain due to the
limited amount of information available for diagnosis and treatment. Extensive work is being carried
out in order to allow for more hemodynamic parameters to be measured in the clinic. In this review,
we identify and discuss the main sensing strategies aimed at obtaining a more complete picture of
the hemodynamic status of a patient, namely: (i) measurement of the circulatory system response to
a defined stimulus; (ii) measurement of the microcirculation; (iii) technologies for assessing dynamic
vascular mechanisms; and (iv) machine learning methods. By analyzing these four main research
strategies, we aim to convey the key aspects, challenges, and clinical value of measuring novel
hemodynamic parameters in critical care.

Keywords: hemodynamic monitoring; hemodynamic parameter measurements; patient monitoring;
minimally invasive monitoring

1. Introduction

In peri-operative and critical care, assessment of hemodynamic function plays an
essential role in the treatment of patients at risk of deterioration [1]. The principle of
hemodynamic monitoring consists of interpreting a number of observations or measure-
ments with reference to a model that encompasses the overall current understanding of
cardiovascular physiology. For example, information on parameters such as cardiac output
(CO), blood pressure (BP), and central venous pressure (CVP) is usually interpreted with
respect to the Guytonian view of the circulation [2]. This enables a general assessment
of cardiac function and fluid responsiveness based on a limited number of physiological
measurements, supporting clinicians in detecting patient deterioration and monitoring
therapy effectiveness [3].

In practice, the way in which measurements are performed for the purpose of hemo-
dynamic assessment can differ greatly in terms of the clinical context: pathophysiology and
progression of disease, the type of procedure and level of acuity, and further patient-specific
requirements and restrictions. These factors determine the required level of measurement
accuracy and frequency for adequate clinical decision support, which in turn determine the
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level of monitoring invasiveness, measurement location, and degree of automation [1]. In-
vasive methods involving arterial, venous, and pulmonary artery catheters enable accurate,
continuous measurement of hemodynamic parameters. However, their clinical benefits
are in many cases outweighed by the probability of complications associated with inva-
sive lines, the dependence on resources and trained staff, and the uncertainty of whether
invasive monitoring would actually lead to better patient outcomes when compared with
non-invasive, intermittent, or less accurate monitoring [4].

To tackle the compromise between the reliability of measurements and their invasive-
ness, various low-risk hemodynamic monitoring technologies are being developed [5,6]. A
large number of bedside monitoring options are becoming available in the clinic [7], includ-
ing echocardiography, technologies involving electrical bioimpedance and bioreactance,
and techniques based on calibrated and uncalibrated arterial pulse contour analysis [6].
Such methods are allowing for more continuous, accurate, minimally invasive hemody-
namic management; this has led to a decline in the use of highly invasive monitoring such
as pulmonary artery catheterization.

The new devices mainly aim to monitor the well-known hemodynamic variables that
have been previously validated and extensively used in clinical practice. For example,
novel pulse contour or bioreactance methods aim to measure widely used macrocirculatory
variables such as central arterial BP, CO, and related indices—preload, afterload, and
contractility. As a result, even though monitoring technologies are continuously evolving,
the parameters most frequently used in standard practice remain largely unchanged. This
applies especially to general wards, where it is difficult to reliably measure additional
hemodynamic parameters beyond arterial BP, peripheral arterial oxygen saturation (SpO2),
and cardiac rhythm via electrocardiogram (ECG) [8].

While hemodynamic monitoring has developed greatly over the last decade, a number
of issues still remain due to the limited amount of information available for diagnosis
and treatment.

For example, there is still uncertainty in the interpretation of widely used variables
such as BP [9–11]. Even in the case of accurate, continuous BP measurements, the BP
value is a late indicator of deterioration, and controversy exists in the clinical community
regarding what is considered a “healthy” BP range. While recent findings suggest that
a 65-mmHg mean arterial pressure (MAP) threshold should be regarded as an absolute
minimum to prevent harmful hypotensive conditions, this contradicts the movement
towards personalized BP thresholds in fluid/vasopressor therapy protocols [9,12]. This
leaves the use of BP as a therapeutic target open for discussion. One aspect of this discussion
is that recent findings related to the microcirulatory function in critically ill patients have
shown how micro- and macrocirculation can sometimes be dissociated, especially in cases
of sepsis [13], and that tissue hypoperfusion may exist under conditions of normal and
high BP. Monitoring the microcirculation, however, is a cumbersome task to date and not
part of standard clinical guidelines or protocols. Another recognized need is the earlier
detection of deterioration in low-acuity settings, the wards requiring the most immediate
improvement [14]. Missed patient deterioration as a result of insufficient ward monitoring
is considered one of the main factors in the 4.2 million cases worldwide per year in which
patients die within 30 days after surgery. At the same time, however, the existing ward
measurements lead to frequent alarms that are unspecific and have a false alarm rate of
90% [15]. This further presses the issue of managing hemodynamically unstable patients
with limited and unspecific information.

In addition to this, it is believed that our fundamental understanding of cardiovascular
physiology as encompassed by Guytonian models might be incomplete and insufficient
under the clinical conditions encountered in peri-operative and critical care. Early experi-
ments underpinning such models are still being debated [16,17]. At the core of Guytonian
models is the interaction between cardiac function and the return of blood to the heart. This
provides an important but simplistic construct for assessing hemodynamic (in)stability
and response to therapy. The limited amount of information available via standard hemo-
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dynamic measures could be one of the factors limiting our ability to further apply our
developing understanding of cardiovascular physiology in clinical practice and to expand
existing models of potential value to peri-operative and critical care patients.

While the work aimed at refining measurements of standard parameters is unarguably
of great relevance for peri-operative and critical care, a pressing need exists for comple-
menting such established parameters with additional hemodynamic indices (Figure 1).
This is important both for improvement of patient management in standard practice, as
well as for further developing our fundamental understanding of the (patho)physiological
processes that underlie cardiovascular complications.
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Figure 1. While work aimed at refining measurements of standard parameters is unarguably of
great relevance for peri-operative and critical care, a pressing need exists for complementing such
established parameters with additional hemodynamic indices. Such indices however are slow to find
their way to standard clinical diagnosis and treatment procedures.

A majority of efforts aimed at obtaining more complete information on the cardiovas-
cular system via bed-side measurements rely on four main strategies:

1. Interpretation of the widely used parameters via functional hemodynamic monitor-
ing. This is based on measuring the response of the circulatory system to a defined
stimulus [1].

2. Measurement of the microcirculation [13]—direct assessment of the pathways of
oxygen delivery and of the primary site at which oxygen exchange takes place.

3. Emerging technologies for characterization of dynamic vascular regulation—recent
cardiovascular research is focused on the study of natural compensatory mech-
anisms. Changes in vascular properties (compliance, viscosity, and artery-vein
interaction [18–20]) can precede changes in commonly measured hemodynamic in-
dices such as BP, CO.

4. Data-driven, machine-learning (ML) assessment of physiological signals. Statistical
methods are used to identify complex interactions between physiological signal
characteristics to predict adverse hemodynamic events or to estimate variables that
are not directly measured.

Focusing on these four main strategies, this review identifies key aspects, challenges,
and the clinical value of measuring novel hemodynamic parameters in critical care.

A general pattern across the work carried out on this topic is that extensive develop-
ments are being realized in research, but the findings are slow to find their way to standard
clinical diagnosis and treatment procedures. An analysis is needed to reveal different
approaches and points of view from the perspectives of clinical research as well as technol-
ogy/sensor development. By conveying the complexity of hemodynamic monitoring today
as well as envisioned future directions, this review intends to provide insights into what is
needed to accelerate the translation of research findings into meaningful implications for
patient care.
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2. Interpretation of the Widely Used Parameters via Functional
Hemodynamic Monitoring

Functional hemodynamic monitoring consists of measuring the circulatory system’s
response to a well-defined stimulus. While these approaches measure the same well-known
hemodynamic parameters such as CO, BP, and SpO2, additional interpretation is given to
the measurement by accounting for a controlled perturbation, offering extra information
and a more complete picture of the status of a hemodynamically unstable patient [1,21].
For example, the passive leg raise technique, which has been the focus of many recent
studies [22], measures CO with respect to a sudden blood shift towards the heart. The
response of the CO parameter with respect to this blood volume shift reveals whether the
patient is fluid responsive in the case of a suspected need for fluid administration.

Compared with static measurements, functional (dynamic) measurements can bet-
ter reveal when compensatory mechanisms of the circulatory system are activated, thus
enabling earlier detection of deterioration and proactive interventions.

Measurements already employed in some clinical settings are based on interpreting
heart-lung interaction for the purpose of assessing fluid responsiveness. An example is the
pulse pressure variation (PPV) parameter, which quantifies the changes in arterial pulse
pressure during mechanical ventilation [23]. Other measurements include stroke volume
variation (SVV), the end-expiratory occlusion test, and the tidal volume challenge. Some
heart-lung interaction parameters can also be measured non-invasively via transesophageal
echocardiographic approaches or via pulse contour analysis [24].

Other measurement strategies involve analyzing the response of the vasculature to
cuff-based occlusions. Across applications, this principle has been used to investigate a
multitude of conditions (e.g., venous thrombosis [20] and endothelial dysfunction [25,26]).
In critical care, cuff-based perturbations have been used in combination with near-infrared
spectroscopy devices [21,27] to obtain information on tissue metabolic function. In addition,
the venous-arterial equilibrium pressure measured distally from the cuff post-occlusion is
an indicator of mean systemic filling pressure [28].

Variations of the same concept can be adapted to a large number of monitoring
settings. For example, the ECG signal morphology response to an increase in heart rate
can be analyzed to reveal coronary artery properties [21], the arterial pressure response
during a Valsalva maneuver can predict fluid responsiveness [29], and the microcirculatory
function has also been studied with respect to thermal challenges [30]).

Current Challenges

Functional hemodynamic monitoring has been gaining increasing interest from clin-
icians for its ability to enable more proactive patient management with existing clinical
technologies. Especially when it comes to personalizing fluid management, dynamic
measurements (PPV, SVV, passive leg raise, and fluid challenge) are recommended over
combinations of static measurements (such as BP, HR, CO, urine output, central venous
oxygen saturation, and lactate).

However, functional measurements share similar limitations with standard vital sign
measurements. There are uncertainties regarding the interpretability of the measures; it
is unclear how to achieve more personalized targets. For example, PPV is unarguably
valuable for predicting fluid responsiveness. However, in some cases, a clear distinction
between fluid responders and non-responders is difficult to define. For this reason, the
spectrum of PPV values has been categorized into three zones: PPV values expected from
responders, PPV values expected for non-responders, and a PPV value “gray zone” where a
patient- and context-specific levels of uncertainty exist in the interpretability of the measure.
(e.g., “Applicability of pulse pressure variation: How many shades of gray” [31]). This
limitation is similar to the extensively studied difficulty of defining a threshold BP value to
avoid hypotensive events.

Furthermore, similarly to standard measures such as BP and CO, a compromise
exists between degree of invasiveness/obtrusiveness and ability to perform continu-
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ous/repeatable functional measurements. This compromise is particularly evident in
stop-flow measurements, where a cuff is kept inflated for an extended period of time
on a patient’s arm to reliably measure dynamic tissue oxygen saturation. Furthermore,
the usefulness of PPV and SVV is questioned when lung-protective, low-tidal volume
mechanical ventilation is used [32].

In addition to this, functional measurements pose extra challenges compared with
standard measurements, mainly due to their novel nature. For example, the passive leg raise
involves bed adjustments and possibly other actions that might differ from the standard
clinical workflow of managing the general patient population. The passive leg raise is
generally limited to particular patients and clinical cases, e.g., it is typically performed to
assess fluid responsiveness prior to resuscitation for the already hemodynamically unstable
patient. Other well-known functional parameters such as SVV/PPV are mainly intended
for the invasively monitored, mechanically ventilated patients in deep sedation, thus
limiting applicability to the OR/ICU [23]. Functional measurements are not yet standard
for prediction/detection of adverse events in the general patient population (for example,
in the wards). Automation or the inclusion of functional measurements in the standard
detection of deterioration spot-check might be found impractical in the near future.

3. Develop Technology Specifically Designed to Assess Microcirculation

Inadequate tissue perfusion results in insufficient oxygen supply to cells. One way
of identifying alterations in the supply of oxygen is to assess the microcirculation, the
primary site at which oxygen exchange takes place. Significant regulation mechanisms
occur at the microcirculatory level, and this was first observed via direct visualization of the
capillaries [33]. Parameters such as capillary density, heterogeneity of capillary distribution,
and proportion of stopped or intermittently perfused capillaries were found to be linked to
various conditions. For this reason, in the past three decades, hand-held microscopy at the
bedside has undergone major technological advancements to allow for an in-depth study of
the microcirculation. By overcoming device limitations (such as motion artifacts, calibration
requirements, measurement depth, temporal resolution, automated feature extraction, and
device bulkiness), it was possible to assess the relevance of measurement locations and the
specificity of different morphological parameters. Visualization of the pathways of oxygen
delivery improved the understanding of tissue oxygenation, capillary alterations in relation
to the progression of disease, the pathophysiology of septic, cardiogenic, and hemorrhagic
shock [34], and expected patient outcomes [35,36].

In parallel to the development of direct capillary visualization, other optical technolo-
gies such as near-infrared spectroscopy were adapted to measure tissue oxygenation as a
surrogate for microcirculatory function [37,38]. These technologies have been found partic-
ularly relevant in the assessment of cardiovascular reserve and tissue metabolic function via
analysis of reoxygenation/deoxygenation rates in relation to occlusion-based perturbations.
Interesting physiological [39] and pathophysiological [21] mechanisms have been observed
via measurement of tissue oxygenation responses to vascular occlusion tests.

Current Challenges

Despite their significant contribution to advanced understanding of regulation mecha-
nisms, the devices designed for measurement of microcirculation face a range of challenges
in terms of inclusion in clinical hemodynamic monitoring practice in the general patient
population [40]. The measurements are very localized and only reflect the quality of the
microcirculation at pre-defined sites. For example, it is not known if sublingual microcir-
culation reflects other sites, such as the gut [41]. Furthermore, peripheral locations such
as the limbs might be influenced by factors such as temperature, which can impair the
interpretability of microcirculatory measurements. It is not yet clear how to make use
of existing microcirculation measurements for prediction of hemodynamic instability or
therapy guidance. Ongoing research aims to solve uncertainties around microcirculatory
response to systemic macrocirculatory changes [12] and differences between measurement
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sites in the body [42–44]. There are remaining questions that still need to be answered to
achieve standardization, and formal technology assessments are required to determine the
precise role of these devices in critical care [33,45].

Inevitably, further development of optical measurement techniques will take place to
enable observations related to the structural and functional characteristics of the micro-
circulation. Optical methods that are currently being investigated involve technologies
such as laser Doppler imaging, laser speckle contrast imaging [46], and optical coherence
tomography [47]. It is argued that optical measurements are limited to easily accessible
surfaces, such as skin, muscle, and tongue [42], and therefore, it is unlikely that optical
measurements alone will achieve a comprehensive understanding of microcirculatory
alterations (such as in different organs) [33,42,48].

“Despite their high spatial and temporal resolutions, optical imaging modalities
are still not widely used for clinical imaging of the microcirculation due to their
limited tissue penetration. Diffuse optical imaging techniques such as NIRS
ameliorate this to some extent, but at the expense of spatial resolution.” [48]

For this reason, microcirculatory measurement devices intended for hemodynamic
monitoring will likely involve optical methods complemented by other technologies such
as ultrasound (US) and magnetic resonance imaging (MRI). Recent studies have made use
of US to identify renal microcirculation alterations [49], and hybrid technologies involving
photo-acoustics are currently being investigated [50]. Such studies, together with novel
developments of thin-film, wearable ultrasound transducers [51], may open up new possi-
bilities for bed-side measurement of microcirculatory function. In addition to this, insights
acquired from applications such as coronary disease management [52] will likely serve as
the basis for applying MRI to better understand oxygen delivery mechanisms in different
organs and under different pathological states.

4. More Advanced Assessment of the Vascular Properties
4.1. Cardiovascular Research and Its Relevance for Critical Care

Cardiovascular diseases are a leading cause of death worldwide. Global efforts
are aimed at understanding cardiovascular disease prevention, treatment, and manage-
ment [53]. Emerging insights have contributed to the development of models, devices,
measurement procedures for cardiovascular indices, therapy standardization, as well as the
discovery of new research trajectories. The solutions developed for cardiovascular disease
management have enabled understanding of the arterial system, including the arterial
wall-blood interface, coupling between the heart and vasculature, and local and systemic
arterial properties.

In particular, significant evidence on the importance of active arterial regulation mech-
anisms has been found. Studies are revealing the complex, dynamic behavior of arteries on
local as well as systemic levels [19,54,55]. Since early observations on the ability of vessels
to constrict/distend, evidence about other mechanisms has been found: pulse propaga-
tion, systemic resistance, local flow, and wave reflection are controlled via factors such
as the non-linear properties of the arterial wall, viscosity, damping properties, frequency-
dependent behavior, and strain-dependent activation of the smooth muscle tone [19]. Due
to this, a more integrative approach to physiology is being encouraged nowadays, in which
vascular compensatory mechanisms are studied. Methods for observing and measuring
these compensatory mechanisms are being developed.

“When modeling blood circulation, the heart is usually considered the main ele-
ment, the only one which has an actual relevance in the operation of the system,
thus neglecting blood vessels, which are considered simple conduits that connect
the cardiac pump with the organs. Such a basic approach underestimates the
prominent role shown by blood vessels in general and by arteries in particular“,
“The active stress developed by smooth muscle has been overlooked as a contrib-
utor to the mechanic behavior of vessels, although it has been demonstrated that
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the activation of smooth muscle changes the stress–strain relationship towards
high levels of stress”, “This is very important when studying the cardiovascular
system given the active participation of the nervous system in hemodynamic
regulation.” [19]

Short-term, the dynamic regulation of arteries is especially relevant in hemodynamic
monitoring. Therefore, it is worth investigating how to adapt the recent findings in cardio-
vascular disease management to overcome limitations in patient monitoring. Changes in
vascular properties can precede changes in commonly measured hemodynamic indices
such as BP and CO.

Given that advances in the field of cardiovascular disease management are not usually
discussed in the context of critical care, this section will require a more complex overview.
For this reason, this section has been subdivided to allow for the inclusion of more in-depth
background information related to cardiovascular disease management parameters and
their potential relevance for hemodynamic monitoring.

4.2. Arterial Stiffness

Up until now, extensive studies on arterial stiffness have been conducted. Many of
these studies are aimed at understanding the strong link between the level of distension
of the arteries and BP, with the aim of developing continuous, non-obtrusive (cuff-less)
BP measurements. Beat-by-beat BP fluctuations throughout the day as well as long-term
trends in BP over years can reveal the impact of lifestyle and pathological conditions on
cardiovascular function. The most promising solution for monitoring BP continuously and
non-invasively involves measurement of arterial stiffness (or compliance).

“An important overarching concept underlying cuffless measurement of blood
pressure is the fundamental relationship between transmural pressure and me-
chanical properties of the arterial wall which influence wave propagation phe-
nomena. This is the pressure dependency of the material stiffness of all blood
vessels. This property is present in all species with pressurized circulatory sys-
tems and is a fundamental evolutionary property of arterial design.” [18]

The level of distension of the arteries can be deduced from studying the speed at
which the wave propagates along an artery (pulse wave velocity, PWV, pulse transit time,
and PTT), or by studying the artery volume amplitude/waveforms. Since arterial stiffness
is influenced by blood pressure, it can thus be assumed that a change in wave propagation
is caused by a change in BP. For this reason, a large number of technologies have been
designed to acquire information on PWV/arterial distension (ultrasound, tonometry, radar,
photoplethysmography, phonocardiography, impedance cardiography, seismocardiogra-
phy, electrical impedance tomography, and ballistocardiography [18]).

“PTT is a measure for arterial stiffness. When blood pressure increases, the
vascular tone increases and the arterial wall becomes stiffer, causing the PTT to
shorten.” [18]

However, major limitations have been identified, such as the uncertainty of arterial
stiffness being influenced by other factors besides BP (e.g., smooth muscle activation via
hemodynamic regulation mechanisms) and the difficulty in approximating the BP value—
surrogate value relationship (e.g., a change in wave propagation speed of x ms reveals a
change in BP of y mmHg). Frequent re-calibrations by means of simultaneous measurement
of BP and PWV can in principle solve such issues. Initialization algorithms are also
employed to reduce the number of obtrusive re-calibrations or increase the accuracy of the
estimates. Solutions based on empirical knowledge and physiological models combined
with demographic data (age, sex, weight, and height) have been attempted. Despite
the various proposed solutions, at the moment there is still no clear optimal method
for linking PWV to BP, as many other items remain unsolved: location for surrogate
measurement, distance travelled by pulse, inability to assume artery uniformity over large
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distances, peripheral arterial beds being significantly affected by regulation mechanisms,
re-calibration intervals etc.

“Is “Cuffless” the Future of Blood Pressure Monitoring? There have been many
patent submissions, start-up companies, and scientific publications, but to date
there is no device that is universally accepted by the wider community beyond
research laboratories and company boardrooms.” [18]

4.2.1. Insights on Vascular Regulation Mechanisms

Even though the non-obtrusive or minimally obtrusive BP measurement is still consid-
ered an open question, the large-scale nature of the research resulted in the collection of
extensive data related to arterial properties, regulation mechanisms, and vascular hemody-
namics. For example, PWV and arterial volume waveforms have been studied in the context
of exercise, rest [56], sleep [57], or the administration of vasoactive medication [58,59]. Stud-
ies have also been conducted to understand arteries at local sites (brachial, radial, and
finger site) vs. regional sites (PWV measured from heart to finger, or heart to femoral, toe,
or combinations) and peripheral vs. central regulation [60]. Other studies are dedicated to
the analysis of PWV as a function of different mean lumen diameters [61]. Measurements
involving pulse arrival time (PAT) or pulse transit time (PTT) confirm long-standing data
that smooth muscle is sparser at the aorta, while in smaller arteries, smooth muscle can
contract enough to impact pulse transit independently from BP [62]. PAT/PTT models have
also revealed interesting processes of the circulatory system, such as blood redistribution
during digestion, in the context of ambulatory BP measurements [63,64]. This is relevant
for identifying when to trigger a recalibration of the BP value—PAT surrogate relationship.

4.2.2. Insights on Technology Requirements

Besides aiding in making observations on regulation mechanisms, the large number
of studies has also contributed to identifying technology requirements for measurement of
arterial properties. Device characteristics such as PPG sensor contact impact on PTT [65],
hydrostatic effects [66], BP cuff size/shape/design properties [67–69], different cuff inflation
strategies [60,70], and measurement of cardiac factors [71] have been investigated, and
processes for validating devices have been improved [66]. Motion artifacts and signal-to-
noise ratio have also been thoroughly investigated [72]. Several cuff and cuffless device
prototypes have been built, and many measurement strategies have been tried out to
sample arterial beds. Some examples involving variations of the cuff, ECG, PPG, and
tonometric technologies are summarized in Table 1.

Table 1. Examples of technologies involving variations of cuff, ECG, PPG, tonometric technologies.

Device Measurement Procedure

Arteriograph (TensioMed,
Budapest, Hungary) [73]

A cuff placed at brachial site is pressurized suprasytolically,
therefore removing effects stemming from vasculature under the
cuff and distal from the cuff. Arterial pulsations occur at the
upper edge of the cuff. The resulting cuff signal is processed to
obtain information such as central pulse wave velocity, aortic
pressure values, wave reflection characteristics.

Mobil-O-Graph (IEM
Gmbm, Stolberg,
Germany) [70]

A cuff placed at brachial site is used; the cuff pressure is recorded
with the use of a high-fidelity pressure sensor. The inflation
process includes several seconds where the cuff pressure is held at
diastolic vale. The waveform is analyzed to estimate aortic
pressure values, wave reflection characteristics.

Complior (ALAM,
Vincennes, France) [74]

The method uses two non-invasive tonometric sensors to
simultaneously record pulse waves in the carotid and femoral
arteries to measure carotid-femoral pulse wave velocity for
assessment of arterial stiffness.
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Table 1. Cont.

Device Measurement Procedure

PTT-BP calibration based on
cuff modulation [75–77]

A cuff is used to alter transmural pressure across the brachial
artery for the purpose of modulating PTT. The change in PTT
with respect to the controlled transmural pressure is measured via
ECG and PPG and analyzed in order to calibrate the BP-PAT
relationship for the purpose of beat-to-beat PAT-based BP
estimation and arterial stiffness estimation.

Chronos TM-2771 (A&D
Company, Tokyo, Japan) [69]

Arterial diameter at brachial site is measured via a device
consisting of four adjacent cuffs. The cuffs are designed of soft
and hard materials such that the resulting cuff pressure oscillation
reflects brachial artery volume oscillation as accurately
as possible.

Water-filled cuff [78]

A water-filled blood pressure cuff is used to allow the brachial
artery to be simultaneously imaged via ultrasound. The aim is to
obtain an accurate measurement of brachial arterial volume
during cuff-based occlusion.

SphygmoCor (AtCor
Medical, Sydney, NSW,
Australia) [79]

Brachial and femoral cuffs or, alternatively, applanation
tonometry of the carotid and femoral sites are used together with
specially developed algorithms to acquire central aortic pressure
waveform and carotid-femoral arterial PWV for the purpose of
estimating cardiovascular risk.

Aktiia SA (Aktiia SA,
Neuchâtel, Switzerland) [66]

Optical sensors perform green reflective photoplethysmography
(PPG) measurements on the skin vasculature of the wrist to
measure BP.

In addition to prototypes aiming to improve, adapt, or re-interpret typical cuff, ECG,
PPG, and tonometry technologies, several research groups and start-ups have attempted
out-of-the-box measurements, also providing unique technology insights—glasses with
PAT sensors [80], BP measurement underwear [81], weighing scale BP estimation involving
ballistocardiogram and PPG signal measured from the sole of the foot [82], other wear-
ables [83], phone solutions [84], elaborate measurement settings involving technologies
such as electrical impedance tomography [85], contactless transdermal optical imaging [86].

4.2.3. Value for Critical Care

It is important to assess whether the arterial tone can be re-interpreted for assessing the
short-term adjustments in arterial properties for applications in critical care. Knowledge of
smooth muscle tone (arterial compliance/stiffness) could be of high clinical interest, as will
be outlined below. ICU clinicians have expressed interest in these parameters [6], with vas-
cular compliance having a significant impact on CO estimations. However, measurements
of arterial compliance in critical care are scarce. Methods for quantifying and interpreting
short-term, dynamic regulation of arteries have yet to be investigated and developed.

Value for Recalibration of Standard Measurements

As a first application in critical care, arterial stiffness estimates can be used for mea-
surements requiring calibration. Devices that use pulse waveform as a surrogate of cardiac
output (PiCCO) require re-calibration whenever changes in arterial compliance occur as a
result of hemodynamic regulation mechanisms, vasoactive drug administration, or in cases
of the development of vascular edema [6].

“The major weakness of all these devices is the drift in values whenever there is a
major change in vascular compliance, as, for example, in vascular leak syndrome
with increased vessel wall edema leading to decreased arterial compliance.” [6]

Therefore, identifying when such devices require re-calibration can be a first relevant
application to introduce arterial property measurements in clinical hemodynamic monitor-
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ing practice. Such applications can serve as the basis for developing a better understanding
of arterial regulation and tackling other unmet clinical needs.

Value as Predictive Parameter and Improvement of Blood Pressure Estimation

Changes in arterial properties might precede changes in blood pressure and flow and
may be used for early warning of hypotension and hemodynamic instability. Moreover,
information on arterial compliance can aid in the interpretation of blood pressure val-
ues. Complementing the BP value with more information could make the measurement
more specific.

For example, arterial compliance measurements can be used in principle to differenti-
ate between heart-related factors or vasodilation to identify the cause of a BP drop, thus
facilitating improved fluid management. In addition to this, insights on the dissociation
between BP (or other macrocirculatory variables) and microcirculation could possibly be
acquired from assessments of arterial compliance at central vs. peripheral vascular beds.

Another application likely to benefit from the recent findings related to arterial com-
pliance is the accuracy of cuff-based non-invasive BP measurement (NIBP). NIBP is still
based on an empirical interpretation of the cuff pressure signal, which leads to large sys-
tematic errors in BP estimations, especially in cases of hypotension and hypertension. An
in-depth characterization of the vasculature response to occlusion-based perturbation (such
as cuff-induced arterial collapse and resulting effects on pulse propagation) can lead to a
better understanding of the cuff measurement principle, possibly leading to more accurate
NIBP [65,87].

4.2.4. Current Challenges

Despite the plethora of health data related to arterial properties available for in-
terpretation, development is still needed for the implementation of arterial compliance
measurements in critical care. Concrete findings and standardized measurement setups are
still lacking, and controversy exists in the community. In many cases, the studies involving
PAT/PTT are performed on small numbers of subjects, allowing for interesting qualitative
insights, hypothesis identification, and the discovery of new research directions; at the
same time, the scarce nature of the measurements and variability in non-standardized
measurement setups lead to uncertainty. There are evident and exhaustively discussed con-
flicting results regarding the usage of PAT for BP monitoring [88–90]. As another example,
the study of vasoactive drug effects on specific vascular beds is also not conclusive [58,59].
Zong et al. [58] reveal that vasoactive drugs do not influence arterial wall elasticity in the
arm, while Banks et al. [59] conclude the opposite—significant smooth muscle relaxation at
the brachial site is measured after administration of vasoactive drugs. However, the two
studies are realized via very different methods—in the work by Zong et al. [58], the PAT is
measured over a large distance via ECG and the ABP (heart to radial site) is analysed in
ICU patients. In the work by Banks et al. [59], localized ultrasound imaging is employed to
measure artery size at the brachial site in healthy subjects.

Another example of unresolved conflicting findings is the effect of PPG contact pres-
sure on finger vasculature. In two studies [65,91], different findings are reported about the
shape of PAT as a function of PPG contact pressure, and it is recognized that the difference
in the findings cannot yet be explained.

Comparing seemingly disagreeing studies or interpreting individual studies within a
bigger picture is difficult to accomplish without the existence of standardized databases to
validate assumptions, account for error sources, and validate signal processing algorithms
(e.g., the MIMIC database). Many aspects of arterial compliance are currently being
investigated [56–59,88–90,92]; further studies are required to converge the various research
modalities and findings.

“The direct effect of smooth muscle relaxation on arterial elastic properties is
controversial.”” In human subjects, the contribution of smooth muscle to arterial
elastic mechanics has been limited by difficulty in separating the direct effects of
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a vasodilator drug on the arterial wall from the indirect effects due to reduced
blood pressure.” [59]

More dedicated studies are required for the reinterpretation of cardiovascular disease
research in the context of hemodynamic monitoring. Preliminary, on-going research is
tackling the challenge of establishing a standardized setup and overcoming some of the
uncertainties of patient monitoring devices [93]. The setup presented in [93] aims to reduce
the variability in existing BP cuffs and to determine whether compressibility of the arm due
to cuff inflation is a significant source of error in cuff-based arterial compliance measure-
ments. Besides this, a measurement setup involving existing hemodynamic monitoring
devices (ECG, PPG, and BP cuff), together with a dedicated signal processing algorithm,
has recently been proposed for measurement of arterial stiffness in critical care [75], and
feasibility has been demonstrated via computer simulations and limited patient data.

4.3. Beyond Arterial Stiffness

An example of a cardiovascular research topic to be reinterpreted for critical care appli-
cations is the detection of venous thrombosis [20]. In ref. [20], a parametric hemodynamic
model describes the interaction between arterial and venous beds in partially occluded
limbs; the model parameters are representative of clinically relevant indices related to
thrombosis. The model, however, also includes parameters such as systemic resistance and
blood vessel compliance, which are also relevant to hemodynamic monitoring, as stated by
the author:

“Finally, it is particularly important to note that changes in the compliance and
resistance deduced with the aid of the model exhibit a dependency on pressure
and flow, respectively, which is characteristic of the compliance and resistance
of blood vessels. This suggests that a particularly appropriate application for
the model is to use changes in the model parameters to monitor circulatory
changes of the limb, such as those, for instance, that may occur during clinical
anaesthesia.” [20]

To further investigate this, in ref. [94], an adaptation of this model has been used
to study data acquired in the OR/ICU. The response of the vasculature to cuff-based
perturbation is measured via standard monitoring equipment (BP cuff, ECG, PPG, intra-
arterial line), and a model similar to [20] is used to interpret the behaviour observed in the
vasculature located under the cuff and distal from the cuff during a typical cuff inflation as
performed via standard NIBP. It was shown that complex dynamics occur in the vasculature
during cuff inflation (as illustrated in Figure 2). Such responses can be processed to estimate
informative parameters related to pulse arrival time vs. BP calibration, artery compliance,
peripheral resistance, and artery-vein interaction. The main conclusion the study conveys
is that standard hospital equipment is largely underutilized and that various arrangements
of the standard sensors can achieve a more complete assessment of the patient’s status, for
example via the interpretation of the vasculature’s response to cuff-based perturbations.

The aim of the studies conducted in refs. [20,94] is to characterize the vasculature’s
response to partial occlusions, or to occlusions of short duration. The intention is to perturb
the circulation as little as possible in order to avoid activation of regulation mechanisms
(e.g., arterial compliance and peripheral resistance are not altered as a result of the cuff
inflation). There are, however, other categories of cuff-based measurements that do in fact
aim to alter such parameters by means of occluding the artery for approximately 5 min, or
more. In the case of endothelial function assessment [25,95], ischemia is induced in the limb;
compliance and resistance of the distal vasculature are altered as a result of the reduced
pressure in the distal artery during occlusion and the subsequent increase in flow post-
occlusion. Changes in arterial dimensions reveal the extent to which regulatory mechanisms
are activated in response to tissue hypoxia. A standard method, flow-mediated dilation
(FMD), is used to assess vascular dysfunction by measuring the artery diameter increase in
response to reactive hyperemia induced by occluding the artery for approximately 5 min.
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across different segments of the limb. Such mechanisms are informative of patient status can be
characterized via cardiovascular models to infer a number of parameters relevant to hemodynamic
monitoring [94].

Such measurements are well-established in the assessment of cardiovascular health,
and extensive efforts are aimed at further developments to enable standardization across
disciplines, including critical care [26,27].

Another example of relevant research involves the study of the non-linear properties
of arterial collapse [19,78,96–98]. Such properties are studied by estimating arterial cross-
sectional area or compliance under different transmural pressures across the arterial wall.
There is interest in finding whether such non-linear vascular parameters adapt due to
vasoactive medication or due to activation of regulation mechanisms.

Many other regulation mechanisms linked to viscosity, damping properties, and
strain-dependent activation of smooth muscle tone are being investigated [19,99,100]. Such
dynamic behaviors can be studied at local as well as systemic levels [101,102].

The studies give an outlook on the large amount of research still needed to characterize
the intricate mechanisms of the cardiovascular system. Such research is currently difficult
to perform in-vivo; further developments are enabled by rapid technological advancements,
such as the continuous measurement of vascular flow and diameter by means of wearable,
operator-independent ultrasound patches [103,104].

Current Challenges

Modelling “beyond arterial stiffness” is important from a research perspective for
obtaining physiological understanding. However, limitations exist in terms of clinical
implementation; it is recognized that very in-depth modelling is unlikely to have practical
applicability since the circulatory system is far too complex and patient/context specific.
Accurate measurement of many parameters, such as pressure, flow waveforms, and pulse
travel across arterial segments, might not be realistic in standard patient care.
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“It is well known that hemodynamics of large arteries is too complex to be
apprehended using only non-invasive measurements and medical imaging tech-
niques.”, “As 3D models can only be used in small portions of the cardiovascular
system due to their high modelling and computational costs, reduced-order mod-
els have gained attention to reproduce complex wave propagation behaviors in
large networks of arteries.”, “Although arterial pressure is easy to measure, the
precise measurement of blood pressure requires highly invasive techniques.” [19]
“In cases where it is not possible to develop physical models it becomes nec-
essary to use shortcuts based on empirical, statistical, or even simple profile
models.” [105]

5. Data-Driven Approaches

The arterial pulse signal contains ample information regarding complex homeostasis
processes, and this knowledge has been documented as early as the 2nd century [106].
In traditional Chinese and Greek medicine, the pulse is seen as an important source for
understanding health and disease. The reading of the pulse has always been recognized as
having potential for aiding medical practice. First observations were based on a qualitative
assessment on rhythmicity, pulse variation, and the elasticity of the artery.

“How can one tell whether a pulse is ‘full’, ‘rapid’ or ‘rhythmical’? Is there a
perceptible pause when the artery has reached the limit of its contraction and,
again, of this expansion? Is there also a pause when the artery returns to its
normal size? Such questions Galen resolved partly historically, by referring to
earlier authorities, and partly from experience. His own enthusiasm for studying
the pulse, which has been with him since youth, and his hours of practice had
given him, he claimed, a most sensitive touch, an example worth imitation.” [106]

Today, advances in sensor technology and physiological models have allowed for
the development of reliable HR, BP, and blood oxygenation estimations based on pulse
measurements. In some cases, measurement of CO and SV and estimation of some arterial
properties are also possible via the pulse, although such measurements come with several
assumptions and controversy.

It is evident that the pulse contains far more information than is currently exploited;
lately, data-driven approaches have been used to attempt extracting this additional infor-
mation from the pulse. Such methods are based on statistics and have the potential to pick
up on subtle signal characteristics in large datasets while bypassing the need for circulatory
system physiological characterization.

As an example, the Hypotension Prediction Index algorithm (HPI; Edwards Life-
sciences, Irvine, CA, USA) uses supervised learning to process high-fidelity arterial pres-
sure waveforms and to estimate the likelihood that a hypotension event will occur 5–15 min
in the future [107]. The algorithm is trained to detect which interactions among thousands
of potentially informative waveform features reveal compensatory mechanisms preceding
a drop in blood pressure. The aim is to use the HPI and related information to act before
hemodynamic instability occurs.

A great variety of other ML methods have been applied to process information encoded
in signals acquired via PPG, ECG, intra-arterial lines, cuffs, and volume clamp sensors. In
fact, most of the existing ML algorithms have been adapted to process such physiological
signals: variations of regression approaches, decision trees, support vector machines,
and different types of neural networks [108–110]. Methods such as regression models
and decision trees require complex handcrafting of potentially informative features, while
methods based on neural networks are usually applied when minimal signal pre-processing
takes place. In the latter case, the algorithm automatically discovers features from the data.

Such ML techniques are designed, for example, to predict deterioration events, such
as sepsis, hemorrhage, and unplanned intubation [111], or to estimate variables that are
not directly measured (e.g., BP estimation via PPG/ECG waveform analysis [109,112]). It is
not clear at this point which of the ML algorithms are most suitable for such applications.
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For this reason, some studies include thorough comparisons between the performance of
different statistical methods [113].

However, the choice of algorithm might play a secondary role in comparison to
other factors, such as defining the information source that is most relevant for a given
application. For example, in ref. [107], the relevant information source for prediction of
hypotension is defined as the pulse waveform—subtle adjustments and interactions in
waveform features are identified when changes in compensatory mechanisms take place.
In ref. [113], however, the algorithm for prediction of hypotensive events does not take
waveforms into account, arguing that the resulting features are too reliant on signal quality
(waveform quality depends on hardware, filtering, and digital signal processing). Instead,
minimal information regarding the pulse (e.g., absolute values of vital signs) and ample
context information (medications, ventilator data, demographics) are defined as relevant
information sources. Both approaches are considered promising [114].

5.1. Current Challenges

Despite the large number of identified opportunities, extensive research, and great
variety of investigated algorithms, ML has not yet been established as a standard clinical
tool in hemodynamic monitoring [115]. In other fields, ML algorithms are found to be
as beneficial as theoretical models, and in some specific applications, ML algorithms are
found to even surpass the performance of conventional methods for signal processing and
analysis. For example, deep learning has clearly surpassed standard approaches in image
processing segmentation tasks [116]. Furthermore, ML-based reconstruction of MRI images
can be achieved by entirely bypassing the inverse Fourier transform, opening the door to
interesting developments in image acquisition strategies [117]. There are several factors
that could explain the limited usage of ML in hemodynamic monitoring.

One such factor is the difficulty of accessing good quality data due to the variety
of measurement setups and medical procedures, the dependency on operator skills to
place sensors, the transport of patients which usually involves changes from one recoding
system to another (e.g., OR to ICU to ward). Furthermore, in many cases, it is difficult
to document procedures and patient history or outcome. It is still unclear how to fully
document the context.

In addition to this, many sensor effects are not fully understood or characterized.
PPG contact pressure, cuff size and placement, and wrapping tightness have recently
been found to affect signal quality and interpretability [65,67–69,72]. In certain cases, even
sensor effects of invasive measures such as arterial lines can make the data unusable
(e.g., inaccurate damping). Waveform signal quality depends on hardware, filtering, and
digital signal processing, if these steps are not known in depth, then ML methods can
be unreliable. Besides sensor effects, physiological effects are also not fully understood.
Tissue compression and pressure transmission effects in cuff inflation [93] or volume clamp
devices are particularly difficult to account for in ML models, which lack transparency and
interpretability [118]. Improved standardization of the measurement procedures is needed
to enable data-driven methods.

In terms of databases available for algorithm training, in machine vision applications,
the performance of deep learning is strongly dependent on large amounts of annotated
images collected over years. This might not be as feasible for 1D signals. Manual annotation
is more difficult for 1D signals, and few clinicians are available to complete annotation
tasks. For example, in radiology, clinicians annotate X-ray images by default; in hemody-
namic monitoring, it does not occur in regular practice to annotate PPG/ECG/cuff signals
in detail.

Even in the case of a well-annotated database, human biology and pathology can
vary considerably. Applying ML to find the inverse function of a sensor vs. applying
ML to understand physiological data are very different tasks. It is difficult to assess
whether a database is sufficiently rich to represent the full variability of the underlying
pathophysiology. Most existing algorithms are developed based on single-center studies.
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For this reason, algorithms usually work well on retrospective data, or in controlled
environments, but they fail when they are applied to new patient groups or contexts. This
poses a fundamental problem of the generalizability of the results and obtained ML models.
For example:

• Cuff-based non-invasive BP measurement algorithms are optimized for normotensive
patients, and significant errors in clinical BP readings are being reported in hypo- and
hypertensive patients [119].

• An algorithm for predicting kidney injury (DeepMinds [120]) was trained on data
collected mainly from patients in a veteran hospital—a demographic that is not repre-
sentative of the general population.

Another aspect is that, in most cases, defining a well-posed problem suitable for ML
interpretation in hemodynamic monitoring is difficult. For example, is hypotension defined
at 60 mmHg, 65 mmHg, or personalized for every patient? [9,12,121].

Ultimately, there is no clinical interest in simply predicting parameters such as BP. ML
is only relevant when data can be linked to actions that are relevant for clinical practice,
adding a level of complexity compared with other fields where ML has been used.

ML methods are not yet standard in clinical practice [110]. While it is known that
the information contained in arterial pulsations is underutilized, it is still unclear to what
extent additional information can be extracted via ML.

5.2. Future Possibilities Involving Data Infrastructures and Explainable Artificial Intelligence

There have been efforts aimed at increasing the quality of ML algorithms via data
infrastructures across research centers. The focus is placed on standardized collection and
annotation of data, facilitating re-utilization of databases, and the validation of algorithms.
Other parallel work is aimed at overcoming hemodynamic monitoring sensor limitations
to allow for more reliable recording of hemodynamic signals. In some cases, ML itself is
used to solve for sensor limitations, for example, in overcoming inter-operator variability
and motion sensitivity in ultrasound image acquisition [104].

Innovation in the field of big data will also likely enable the development of frame-
works compatible with different information sources, such as complex pulse waveform
data as well as patient- and context-specific information. This is relevant, especially in
view of the large variety of emerging technologies aimed at measurement of microcircula-
tory properties, vascular response to controlled perturbations, and regulation mechanisms
linked to elasticity, viscosity, and smooth muscle characteristics. Innovative frameworks
aimed at the aggregation of large amounts from information will be necessary to identify
correlations between parameters and develop improved hemodynamic models.

At the same time, new perspectives on the development of more ‘interpretable’ ML
models [122,123] might play a role in the future applications of artificial intelligence for
hemodynamic monitoring. Furthermore, the increasing interest in the concept of ‘digital
twin’ across fields of research might help re-evaluate the way ML algorithms are applied to
understand physiology.

6. Discussion

This review presented current trends and main outlooks for advances in critical
care via measurement of new hemodynamic parameters: a reinterpretation of the widely
used parameters via functional hemodynamic monitoring (measuring response of the
circulatory system to defined stimuli), technology aimed at observing the microcirculation,
adapting knowledge acquired from cardiovascular disease research, and machine learning
approaches. All four identified research directions are well-founded, and they unarguably
stimulate new, innovative research that is essential to advancing our understanding of
vascular physiology.

However, the four research directions do differ in terms of their near-future impact on
standard hemodynamic monitoring practice. Several aspects need to be taken into account
in order to achieve effective translation of technology into clinical practice. On a practical
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level, it is important to consider the extent to which the proposed equipment differs from
existing hospital equipment, the dependence on the operator, standard practices, and staff
training [124]. “The major issue going forward will not be the sensitivity or specificity of any new
index, since most are quite sensitive and specific, it will be the ease to which they can be assessed
continuously or repeatedly and their level of invasiveness.” [21]. On a more fundamental level,
great difficulty comes from the challenge of evaluating the performance of a hemodynamic
monitoring system. Access to additional hemodynamic parameters might not guarantee
an improved patient outcome, and the process of assessing the usefulness of advanced
monitoring is complex [125]. “no monitoring tool, no matter how accurate, by itself has improved
patient outcome.” [1], “Hemodynamic monitoring systems are measurement tools and their effects on
outcomes are only as good as the protocols they are used to drive.” [125]. It is likely that relatively
slow, incremental changes to existing medical equipment and protocols will take place to
allow for such an evaluation of their usefulness. A measurement strategy that does not
differ to a large extent from the standard practice is arguably easier to include in large-scale
extensive clinical studies designed to assess the impact of the monitoring system.

Therefore, ideal solutions for near-future implementations will be based on standard,
existing hospital equipment [124]. Due to this, functional parameters and several param-
eters adapted from cardiovascular research will be more immediately investigated in a
clinical setting.

Regarding longer-term advances, the large-scale, world-wide effort aimed at under-
standing cardiovascular diseases combined with improved solutions for microcirculation
assessment will point towards a much more complex analysis of the vascular system (e.g.,
viscoelastic effects, inclusion of capillary activity, artery-vein interaction). In terms of
research, machine learning, big-data statistical tools will likely be employed to help synthe-
size the large amounts of measurements and context information [126], helping to achieve
a more in-depth understanding of the circulatory system and the dynamic interactions
between different hemodynamic parameters.

Exceedingly complex modelling of the arterial system is unlikely to have practical
applicability beyond research. The circulatory system is far too complex, patient and
context-specific, requiring highly invasive measurements for accurate, real-time characteri-
zation. For this reason, big-data tools will also help in determining a finite but optimized
number of measurements and intelligent combinations of sensors that are most informative,
safe, and practical for patient monitoring in clinical practice. Relatively simple but well-
understood theoretical structures, aided by empirical evidence, will be used to interpret
such measurements in clinical decision-support.

7. Conclusions

Hemodynamic monitoring has developed greatly over the last decade; many new
technologies are becoming available in the clinic, and the measurements are safer and
more accurate. However, the new devices are designed for improved measurement of the
commonly used indices (e.g., BP, CO). Extensive research is aimed at obtaining a more
complete picture of the hemodynamic status of a patient: (i) vasculature response to con-
trolled perturbations has been demonstrated to reveal fluid responsiveness, mean systemic
filling pressure, artery/vein compliance, tissue metabolic function, and various complex dy-
namic interactions among hemodynamic parameters; (ii) new sensors are being developed
to allow for direct measurement of previously inaccessible microcirculatory parameters;
(iii) extensive progress achieved in the field of cardiovascular disease management pro-
vides strategies for assessing parameters related to compliance, viscosity, and resistance
of various vascular beds. (iv) machine learning inherently extracts ample information
from hemodynamic signals; this information can be integrated within parameters/indexes
which predict hypotension or reveal the likelihood of kidney injury.

However, such developments are slow to find their way to clinical practice; this review
analyzed the unique and complex challenges that arise when attempting to include new
hemodynamic parameters in standard practice.
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Any progress requires strong interdisciplinary collaboration and the involvement of
multiple medical specialties.

There is a need to complement technological/sensor advancements with improved
standardization of measurement setups, the development of big data frameworks com-
patible with different information sources, and larger clinical studies. However, more
fundamental questions might need to be tackled in parallel, such as how to evaluate the
usefulness of a hemodynamic monitoring system and how to interpret new hemodynamic
information with reference to existing models encompassing the current understanding of
cardiovascular physiology.
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