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Abstract
Objective.Accurate haemodynamicmonitoring is the cornerstone in themanagement of critically ill patients. It
guides the optimization of tissue and organ perfusion in order to preventmultiple organ failure. In the past
decades, carotidDoppler ultrasound (CDU) has been explored as a non-invasive alternative for long-established
invasive haemodynamicmonitoring techniques. Considering the large heterogeneity in reported studies, we
conducted a review of the literature to clarify the current status of CDU as a haemodynamicmonitoring tool.
Approach. In this article, firstly an overview is given of the equipment andworkflow required to perform aCDU
exam in clinical practice, the limitations and technical challenges potentially faced by theCDU sonographer, and
the cerebrovascularmechanisms thatmay influenceCDUmeasurement outcomes. The following chapter
describes alternative techniques for non-invasive haemodynamicmonitoring, detailing advantages and
limitations compared toCDU.Next, a comprehensive review of the literature regarding the use of CDU for
haemodynamicmonitoring is presented. Furthermore, feasibility aspects, training requirements and technical
developments of CDUare addressed.Main results.Based on the outcomes of these studies, we assess the
applicability of CDU-derived parameters within three clinical domains (cardiac output, volume status, and fluid
responsiveness), and amongst different patient groups. Finally, recommendations are provided to improve the
quality and standardization of future research and clinical practice in thisfield. Significance.AlthoughCDU is
not yet interchangeable with invasive ‘gold standard’ cardiac outputmonitoring, the present work shows that
certainCDU-derived parameters prove promising in the context of functional haemodynamicmonitoring.

Introduction

Haemodynamicmonitoring is the cornerstone in themanagement of critically ill patients. The ultimate goal is
to optimize organ and tissue perfusion to preventmultiple organ failure. Fluid loading at the steep part of the
Frank-Starling curve increases stroke volume, whereas additionalfluid therapy at the platform stagemay lead to
cardiac overload and tissue oedema (Rivers et al 2001). Although two recent publications have failed to
demonstrate amortality ormorbidity advantage of restrictive fluid strategies (Messina et al 2021,Meyhoff et al
2022), previous studies have demonstrated that a goal directed haemodynamic approach to guidefluid
administration improves outcome in high risk perioperative and intensive care patients (Bednarczyk et al 2017,
Latham et al 2017,Douglas et al 2020, Satterwhite and Latham2020). In the last decades, there has been a shift
from static to dynamic haemodynamic evaluation (Scheeren andRamsay 2019), and towards ‘functional
haemodynamicmonitoring’, a concept wherein preload responsiveness is assessed following a therapeutic
challenge of the cardiovascular system (Pinsky 2015). To this end, a great variety of haemodynamicmonitoring
tools are available. Several less or even non-invasivemonitoring techniques have emerged, in a continuous
pursuit to obtain accurate and reproducible indices, whileminimizing the risk of catheter-related complications
associatedwith invasive techniques. In light of this, spectral carotidDoppler ultrasound (CDU), a non-invasive
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haemodynamicmonitoring tool, has gained increasing popularity (Beier et al 2020). Ultrasound (US)machines
capable of performingCDUare nowadays readily available inmany operating rooms, emergency departments,
and intensive care units (ICU). The superficial location of the common carotid artery (CCA)makes its
identification and visualization feasible andmay obviate the requirement for extensive training. These
favourable characteristics qualify CDUas a safe and cost-effective bedside alternative to support the clinician in
early diagnosis and clinical decisionmaking. However, currently available CDU literature shows a large
heterogeneity regarding patient selection, the purpose of assessment, and study design, with often contradictory
findings.With this narrative review article, we aim to clarify the current status of CDUas a haemodynamic
monitoring tool. Firstly, the CDUequipment, clinical procedures and derived parameters are described.
Following, the role of pharmaceutical and cerebral autoregulatorymechanisms on carotid blood flow (cBF), and
their implications on the applicability of CDUare discussed. Furthermore, an overview of alternative non-
invasive devices is provided. Subsequently, this review summarizes the available evidence regarding the clinical
applicability of CDUwithin three haemodynamic domains: cardiac output (CO), volume status (VS), andfluid
responsiveness (FR) assessment, and informs on the validity of CDUwithin different patient groups. Feasibility
issues, training requirements, and technical developments are also addressed. Finally, recommendations
regarding the standardization of future clinical use and research design are provided.

Technical and physiological aspects of CDU in clinical practice

Ultrasound equipment and software
Performing an accurate CDUexamination relies on high-quality imaging. A linear arrayUS transducer
(5–18MHz)with B-mode and pulsed-waveDoppler (PWD) capabilities is required (Rittgers et al 1980). B-mode
imaging is used to estimate the cross-sectional area andDoppler angle, which are required for absoluteflow
measurements. In addition, imaging aids in determining the exact location of the bifurcation and the presence of
significant atherosclerosis or carotid stenosis. ColourDoppler is often used for the initial identification offlow
direction and velocity profile within theCCA. Pulsed-waveDoppler is used tomeasure the velocity waveform at
a chosen sample volumewithin the vessel. Alternatively, a continuous-waveDoppler transducer can be used to
acquire velocity information from the entire field of view of the transducer. In repeatedmeasurement studies,
the sameUS system and transducer should be used to avoid inevitable inter-system variations due to internal
differences in calibration, transducer characteristics, and settings (Fillinger andAl 1996,Hoskins 2011). An
appropriateDoppler frequency needs to be selected in order tofind the optimal trade-off between axial
resolution and beampenetration. Subsequently, the gain, scale, focus, andDoppler settings need to be adjusted,
to optimize image quality (table 1). Cross-sectional and longitudinal colourDoppler images of the CCA are
displayed infigures 1(a), (b), and a PWDsignal from theCCA is shown infigure 1(c). PWD tracings can be
performedmanually offline, but automatedDoppler analysis software is now commercially available, enabling
real-time and retrospective tracking ofDoppler parameters such as peak,mean, and time-averaged velocities,
acceleration and deceleration times, and pulsatility index. Furthermore, automated edge-detection software
allows the continuous tracking of CCAdiameter (cDIA) changes (Thomas et al 2015). Upcoming handheld
ultrasound devices could further simplify the acquisition of CDUmeasurements. Existing flow time andflow
velocity-derived parameters, and their respective derivations are described in table 2. For notation purposes,

Table 1.Overview ofCDU settings.

CDU settings Adjustments

Depth CCA at two-thirds of the display.

Focus Adjust to the point of interest. Improves lateral resolution.

Gain Optimize to delineate vessel wall and lumen, and to detect carotid plaques.

ColourDoppler Aids in identifying bloodflow and direction. Also detects CCA stenosis and abnormalflow.

Colour scale Adjust between 20 and 30 cm s−1.

Colour gain Adjust until good colour fill, without vessel wall bleeding.

Doppler angle The angle between the beam axis and the direction of bloodflowdepends on the vessel orientationwith respect to

the transducer and should not exceed 60°. An angle of 45° to 60° is recommended (as displayed on theUS
screen).

Sample volume cursor Place at the centre of the CCA.

Angle correction Alignwith the direction of bloodflow.

Doppler baseline Adjust so that waveform is above baseline.

Doppler scale Adjust tomaximize waveformwithout aliasing.

Doppler gain Doppler trace should be clear and defined, prevent backgroundfilling (speckle and noise).
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parametersmeasured at theCCA are henceforth indicatedwith a starting lowercase c, whileΔ denotes that a
change ismeasured, e.g., prompted by volume expansion.

Performing aCDUexamination
The examiner sits on the lateral or cranial side of the patient, who is in a supine position, with the head rotated
30–45° to the contralateral side to fully expose the neck. Applying excessive pressure on the neckwith the
transducer should be avoided to prevent patient discomfort, unnecessary vesselmanipulation possibly leading
to reflex bradycardia due to carotid baroreceptors stimulation, and altered aperture-to-depth ratios whichmay
lead to spectral broadening errors (Kenny 2021, Chayer et al 2022).Measurements should be performed in a
steady-state with respect to ventilation, haemodynamics,muscular tension, and patient positioning. TheCCA is
identified in B-mode in a cross-sectional plane at the base of the neck. The transducer is thenmoved cranially
towards the bulb. At 2 cmdistal from the bulb, the transducer is rotated to a longitudinal plane.Measurements
of cDIA should be performed both in cross-sectional and longitudinal planes and also at peak-systole and end-
diastole, and an average of suchmeasurements should be used for calculation of cBF. Bloodflow velocity is

Figure 1. (a)Cross-sectional and (b) longitudinal image of the CCAwith colourDoppler trace, (c)CDU image consisting of a
longitudinal B-mode image of theCCA and its respective PWD signal. In yellow (A-E) different carotid ultrasound parameters are
displayed: A carotid diameter (cDIA); B foot of the systolic upstroke; C carotid peak bloodflow velocity (cV_peak); D dicrotic notch; E
end diastolic velocity. The inlet shows the sample volume cursor (yellow star symbol) and theDoppler angle between the direction of
the insonation beamand the carotid bloodflow (yellow alpha symbol). The area below the blue line, tracing the PWD signal from a
single heartbeat, delineates the carotid velocity-time-integral (cVTI). The short horizontal line in orange displays the systolicflow
time, whereas the long horizontal orange line displays the total cycle time.
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derived from the PWD signal, with an angle-corrected sample volume cursor at the centre of the CCA, aligned to
the direction of blood flow. Thewidth of the sample volume cursor should be at least 2.5 mm tomaximize the
chance of capturing the true peak flow velocity, asflow through theCCAmay not always follow an axisymmetric
pattern throughout the cardiac cycle (Tortoli et al 2003, Ford et al 2008). A sufficient number of consecutive
heartbeats should be recorded in order to account for the intra-respiratory cycle velocity variation. In patients
with atrialfibrillation, a higher number of heartbeats, preferably recorded overmultiple respiratory cycles,may
be needed to correct for largermeasurement variability (Jozwiak et al 2019). In general, the required number of
beats should be chosen on a case-to-case basis, depending on the average respiratory-induced variation of the
CDUparameter of interest, and on the change threshold to be detected. For example, the average natural
variation of ccFTwas found to be 6% in healthy volunteers, such that, to be able to detect a 4% change threshold,
dozens of heartbeats need to be sampled before and after a preload challenge (Kenny 2021, Kenny et al 2021a).
To avoid inter-operator variability, the same operator should perform all subsequentmeasurements.Moreover,
a critical care physician should be appropriately trained and have a basic understanding of US physics in order to
perform an optimal CDUexam, aswell as to recognize erroneous or inaccuratemeasurements (Tahmasebpour
et al 2005, Lee 2013, Thomas et al 2015).

Pitfalls and limitations
The use of CDUmay be technically challenging in several clinical situations (Tahmasebpour et al 2005).
Calcifications of theCCAmay obscure the lumen, causing acoustic shadowing and hindering proper
sonographic windows (Lee 2013). Likewise, a large habitus or amuscular neckmay complicate visualization. It is
important to discard suboptimal images, as diagnostic confidencemay be lost. In the presence of vessel
tortuosity, vascular abnormalities, or severe atherosclerosis, itmay be difficult to obtain reliablemeasurements,
because of divergent and accelerated flows.Here, unusual or inexplicable waveforms should be interpreted
cautiously and excluded fromdatasets if obtained for research purposes. Furthermore, comorbiditiesmay affect
flow velocities: e.g., in patients with a disturbed cerebral autoregulation cBFmay be altered uni- or bilaterally
(Donnelly et al 2016). In the presence of heart failure, blood flow velocitiesmay decrease, while severe aortic
valve insufficiency often reverses diastolicflow. In the presence of CCA stenosis, ipsilateral—aswell as
contralateral in case of collateral distribution—flow velocitymay be amplified (Fell et al 1981). Unexpected
(peri)vascular abnormalities should be recorded, and patients should be referred to a clinical vascular laboratory
for detailedCCA assessment.

Blood flow velocity is to be obtained by correcting for theDoppler angle used.However, if largeDoppler
angles are used, even small-angle estimation errors will result in large velocity errors due to its cosine
dependency. This can result in either an over- or underestimation of the true flow velocity. Notably, inaccurate

Table 2.Notation and derivation of CDUparametersmentioned in this review.

CDU-derived parameter Abbreviation Derivation

Carotid velocity time

integral

cVTI Area under the carotid PWDvelocity-time envelope (unit: cm/stroke)
(blue line in figure 1(c))

Carotid diameter cDIA Measured fromB-mode (figures 1(a), (b): A)
Carotid bloodflow cBF Cross-sectional area of CCAx cVTI xHR

Corrected carotid flow timea ccFT Bazett’s formula: systolicflow time/ cycle time

Wodey’s formula: systolicflow time+0.001 29 (HR-60)
Carotid left ventricular ejec-

tion time

cLVET Coincides with the systolicflow time, i.e., the time interval between the

start of a systolic upstroke and the dicrotic notch (short horizontal
orange line infigure 1(c))

Carotid systolic peak blood

flow velocity

cV_peak Maximumcarotid flow velocity within one cardiac cycle (figure 1(c): C)

Carotid-derived cardiac

output

cCO Calculated as cBF x 10 (assuming that each carotid artery accom-

modates approximately 10%of the total CO)
Carotid systolic bloodflow cBF_sys Cross-section area CCAx systolic portion of cVTI xHR

Respirophasic carotid peak

velocity variation

ΔcV_peak Within one respiratory cycle:
/

( ) ( )
( ( ) ( ))

100
cV peak cV peak

cV peak cV peak

max _ min _

max _ min _ 2
´-

+

Preload challenge-induced

changes in anyCDU

parameter

VE-Δ[parameter], PLR-Δ
[parameter], squat-Δ[para-
meter],K etc

Change inCDUparameter value upon a preload challenge (e.g., volume

expansion (VE), passive leg raise (PLR), squatmanoeuvre,K etc).

a ccFT can be calculated inmultiple ways, as comprehensively summarized in (Kenny et al 2020a). Here, Bazett’s andWodey’s formulas are

shown.
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Doppler angle correction also occurs when theflow is not parallel to the vessel wall (e.g., in a curved vessel).
Furthermore, avoiding largeDoppler angles helps reduce the effect of spectral broadening (Evans and
McDicken 2000). Ideally, theDoppler spectrum represents the range of velocities present in the target vessel,
where themaximumDoppler frequency corresponds to peak velocity. However, due to the finite size of the
transducer, even a single target produces a spectrumofDoppler shifts as it is exposed to a range ofDoppler
angles. As a result, themeasuredDoppler spectrum ‘broadens’. This effect ismore pronounced at largerDoppler
angles and overestimatesmaximumvelocity. In practice, an angle of 45° to 60° is recommended, as it was shown
to ensuremeasurement errors below 10% (Evans andMcDicken 2000). Since flow time-derivedmeasurements
are independent of the insonation angle, theymaymitigate the risk of inaccuracy amongst novice sonographers
(Beier et al 2020). Finally, because theCCA typically exhibits a ‘blunted parabolic’ velocity profile, capturing the
maximumvelocity within the PWDsample volumemay bemore challenging than in larger vessels (where the
velocity profile is ‘plug-like’), and failing to do so results in an underestimation of velocity (Kenny 2021).
Normally, it is assumed that the cross-section of theCCA lumen is circular, and that themaximumvelocity line
coincides with the vessel centreline. However, as previouslymentioned, thismay not always be the case.
Transversal and longitudinal colourDoppler views (figures 1(a) and (b), respectively)may be used to verify
axisymmetry of the velocity profile, to give confidence on the placement of the sample volume prior to a CDU
measurement.

CDUand cerebrovascular physiology
Understanding cerebrovascular physiology and its regulatorymechanisms is critical for the proper
interpretation of CDUmeasurements. The brain receives about 18%of restingCO, and blood flow is distributed
amongst the bilateral internal carotid arteries and basilar artery in a respective ratio of 70–80:20%–30% (Sato
et al 2011,Willie et al 2012). However, anatomic variations of the circle ofWillis or atherosclerosis of the
extracranial vesselsmay alter these relative contributions (Tanaka et al 2006). Post-mortem studies have shown
that only 50%of subjects have a complete circle ofWillis (Alpers and Berry 1963).

Cerebral blood flow (CBF) relates tomean arterial pressure (MAP), intracranial pressure (ICP) or central
venous pressure (CVP), and cerebrovascular resistance (CVR) as: CBF=(MAP-ICP (orCVP))/CVR (Donnelly
et al 2016). The relationship betweenCBF andMAPwas originally described by Lassen’s cerebral autoregulation
curve. Its classic representation includes a horizontal plateau phase of CBF atMAP ranging from60 to
150 mmHg (Lassen 1959), although recent studies report a higher inflexion point around 70 mmHg
(Drummond 2019), and a narrower plateau phase (Tan 2012)with a slight slope (Willie et al 2014). This implies
that over a range ofMAP,flow through the internal carotid artery (ICA) ismaintained roughly constant despite
possible central haemodynamic changes. However, one should note that the autoregulation curve is dynamic,
differs amongst individuals, andmay be impaired (e.g., after traumatic brain injury) causing CBF to be
completely pressure passive (Schramm et al 2011). Chronic hypertension shifts the curve to the right
(Strandgaard 1976), while a higher or lowerCO shifts the curve upwards (0.35%per 1% increase inCO) or
downwards, respectively (Meng et al 2015). Elaborating on this, two studies evaluating ICAblood flow also
demonstrated that acute reductions inCI andMAP contributed significantly to decreased ICAflow, suggesting
CBF to be vulnerable to both hypovolemia and abrupt hypotension (Skytioti et al 2016, 2019).

Furthermore, increases in either ICP orCVPdecrease CBF (Donnelly et al 2016). Due to gravity, ICP is
normally lower in the (semi)upright compared to the supine position. Therefore, at equal arterial pressures at
the level of the circle ofWillis, CBFwill be lower in supine subjects (Drummond 2019).

Blood flow is inversely proportional toCVR (Ohm’s law), which in turn is inversely proportional to the
fourth power of the vessel radius (Poiseuille’s law) (Pfitzner 1976). CVR is thus themost powerful determinant
of CBF, and its regulation ensures homeostasis. Changes inCVRmay result from alterations in vasomotor tone,
caused by vasoactive substances. Of these, arterial partial carbon dioxide pressure (PaCO2) has the greatest
regulatory power and increases CBF by 3%–6%permmHg increase in PaCO2 (Willie et al 2012). Induced
hypocapnia has the opposite effect. Larger cerebral arteries, including the internal carotid artery,may show a
20% change in luminal diameter on a PaCO2 range of 15–65 mmHg (Willie et al 2012). To a lesser degree, low
oxygen contents (PaO2<50 mmHg)will lead to increases inCBF (Willie et al 2012). Furthermore, local CBF is
tightly regulated by neuralmetabolism, which has been described as neurovascular coupling (Girouard and
Iadecola 2006). Lastly, CVR is regulated by the (para)sympathetic nervous system (Cencetti et al 1999), as
sympathetic stimulation increases CVR (lowering CBF). Furthermore, volatile anaesthetics (except sevoflurane)
blunt autoregulation, in contrast to propofol anaesthesia, which suppresses the sympathetic nervous system
(Strebel et al 1996). Therefore, results fromCBF studies performed in un-anaesthetized patientsmay not apply
in the anaesthetized patient, and vice versa. In shock, CBF is determined by the balance betweenCVR and total
peripheral resistance (Donnelly et al 2016). The aforementioned factors all regulate CBF in an integrative way,
depending on the clinical situation, and should be kept inmindwhen interpreting CDU-derived indices.
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CDUas an alternative to other non-invasive haemodynamicmonitoring techniques

Besides CDU, several non-invasive haemodynamicmonitoring devices have emerged in the last decades.
Techniques adopted include non-invasive Pulse Contour Analysis (niPCA), thoracic electrical bioimpedance,
Doppler ultrasound, partial CO2 rebreathing, inert gas rebreathing, pulsewave transit time, and plethysmogram
variability index.

The niPCA approach is based either on the volume clampmethod (ClearSight, CNAP, Portapres) (Ameloot
et al 2015) or arterial tonometry (T-Line system) (Wagner et al 2015). Although thismethod has proven effective
over awide range of CO in healthy subjects (Bartels et al 2011), changes in vascular resistance, peripheral
oedema, and hypoperfusion affect the sensitivity of peripheral sensors employed for this technique. Thoracic
electrical bioimpedance is based on either bioimpedance (NICOMON, ICG, BioZ), bioreactance (NICOM), or
electrical velocimetry (Aesculon) (Engoren andBarbee 2005,Heringlake et al 2007, Sharma et al 2011). The
presence of pleural effusion, oedema, patientmovement, arrhythmias, or electrical interferencemay affect
haemodynamic assessment using these devices. Partial CO2 rebreathing (NICO) uses themodified Fick
principle and is only applicable tomechanically ventilated patients. Low-minute ventilation, high shunt
fractions, acute respiratory distress syndrome (ARDS), and highCO lead to inadequatemeasurements (Kotake
et al 2009). Inert gas rebreathing (Innocor)measures the disappearance rate of blood-solubleN2O in a breathing
bag to estimate CO. Thismethod is not accurate at resting COvalues since the rebreathing process itself induces
an increase inCO (Bartels et al 2011). Pulse wave transit time (esCCO) combines the use of ECG, non-invasive
blood pressure, and pulse-oximetry to estimate CO (Thonnerieux et al 2015). Changes in peripheral vascular
resistance and arrhythmias are contra-indications for this technique. Plethysmogram variability indexmeasures
ventilation-induced dynamic perfusion changes by pulse-oximeter waveform analysis. Although having been
shown to accurately predict fluid responsiveness inmechanically ventilated patients, it does notmeasure CO
(Zimmermann et al 2010). US techniques include transoesophageal Doppler (CardioQ), transthoracic (TTE),
transoesophageal (TEE) echocardiography, and aortic-pulmonary outflow tractmonitoring (USCOM) (Dark
and Singer 2004,Monnet et al 2007, Thom et al 2009). Derivedwaveforms rely on correct probe-positioning,
and adequate sonographic windows, and are therefore highly operator dependent.

A recent systematic review concluded that neither of these technologies reaches acceptable levels of
agreement compared to thermodilution-derived CO (pooled percentage error of 47%) (Joosten et al 2017).
Some of the limitations encounteredwith the use of thesemethodsmay be overcomewith the use of CDU. The
accessibility of the CCA, for instance,makes CDU less sensitive to poor visualization and technical
shortcomings, a commonproblemof otherUS-based techniques. Furthermore, peripheral oedema and
hypoperfusion of extremities do not affect the adequacy of aCDUexamination.Nevertheless, CDUwill be
confrontedwith its own physiological and technical challenges, as discussed in further sections.

CDU for diagnostic haemodynamicmonitoring

CDUas a surrogate for invasive cardiac output (CO)measurement techniques
CO is a primary determinant of global oxygen transport from the heart to the periphery, and represents a
measure of cardiac function. In general, non-invasive CO technology is considered acceptable and
interchangeable with ‘gold-standard’measurements, if the pooled estimate of the percentage error is<30%, and
if the Pearson’s correlation coefficient is ρ>0.77 (Critchley andCritchley 1999, Ameloot et al 2013). The
trending ability of a COmonitoring technique is considered acceptable if the concordance rate of the relative
changemeasured by the new technique and the reference is>92% (Critchley et al 2010). Traditionally, bolus
thermodilutionCO (TD-CO) has been considered the ‘gold-standard’, and preferred reference technique for
gauging the clinical acceptability of novelmethods.However, this convention has been long-time questioned,
since TD itself comeswith intrinsic limitations that hamper accurate COmeasurement (Pinsky 1990). Poor
accuracy has been demonstrated in animal studies comparing TD-CO against aortic flowprobemeasurements,
as compared to non-invasiveUSCOMwhichwas, in turns, found to have excellent accuracy and sensitivity in
the same study (Phillips et al 2012). Thismay partly explain the failure of non-invasivemethods to highly
correlate with TD-CO in the past.

Sixteen studies have explored the correlation of CDU-derived parameters to correspondingCO
measurements (table 3). Figure 2 shows the variety of Pearson’s correlation coefficients of CDU-derived
parameters to reference COmeasurements reported in these studies. Even amongst a homogeneous subset of
studies that compared cBF toTD-CO, correlations ranged fromhigh (ρ=0.80 (Roehrig et al 2017)), to
moderate (ρ=0.44 (Ma et al 2017)), to negligible (ρ=0.16 (Weber et al 2016)). Large differences in study
designsmay be responsible for such contradictory results. One study comparedCDU-derived COwith
simultaneouslymeasured TD-CO (Gassner et al 2015), reporting a high intra-class correlation coefficient (ICC)
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Table 3. Summary of CDU-basedCO studies.

CO Study

Carotid

parameter(s) Subject population

No. of

subjects (n) MV (%) CDUDeviceb
Reference

methodb
Correlation to reference

ρ/ICC p-value

Time interval from

referencemeasurement

(Eicke and Schlichting 2001) (1) cBF Cardiology examination 43 0 Philips SD800 (Philips
Medical Systems)

TTE (1) 0.39 (1)>0.05 30–60mina

(2) cBF/CO (2)−0.80 (2)<0.0001

(Gassner et al 2015) cCO ICU 36 33 SonoSite Edge (SonoSite) TD (33%) 0.81 overall, NR Simultaneous

PCA (67%) 0.87 left carotid

(Polak et al 2015) cLVET Various 110 NR LOGIQ e (GEHealthcare) TTE 0.57 <0 .0001 < 1 day

(Weber et al 2015) cBF Healthy 11 0 Philips Sparq (Philips
Healthcare)

PCA (Nexfin) right−0.38 Right 0.23 Simultaneous

left−0.29 Left 0.18

(Weber et al 2016) (1) cBF ICU 25 100 Philips Sparq (Philips
Healthcare)

TD (1) 0.16 NR Simultaneous

(2)ΔcBF pre-/

post-surgery

(2)−0.22

(Peachey et al 2016) PLR-ΔcVTI Healthy, fasting 33 0 SonoSite Edge (SonoSite) Suprasternal

Doppler

0.29 NS <15mina

(Peng et al 2017) cCO ICU 148 34 Vivid i (GEHealthcare) TTE 0.54 overall (septic shock 0.24,
multiple trauma 0.06,

respiratory failure 0.10)

<0.001 < 8 h

(Roehrig et al 2017) (1) cBF(2)
PLR-ΔcBF

ICU 35 100 Siemens AcusonUltra-

sound 9300 PE (Sie-
mensHealthcare

TD (1) 0.80 (1)<0.0001 Simultaneousa

(2) 0.79 (2)<0.0001

(Ma et al 2017) (1) ccFT Right-heart catheterization 51 0 uSmart Terason 3200 T

(Burlington)
TD; (1) 0.29 (1) 0.046 Simultaneous

(2) cBF Fick oxygen

method

(2) 0.44 (2) 0.004

(Sidor 2018) (1) cBF_sys Healthy 20 0 NR TTE (1) 0.67 (1)<0.001 <2 min

(2) cBF (2)NS (2) 0.06
(3) ccFT (3) 0.57 (3)<0.001

(Girotto et al 2018) (1) cBF ICU 33 94 Philips CX50 (Philips
Healthcare)

TPTD (1) 0.54 (1)<0.01 Simultaneous

(2) cV_sys (2) 0.26 (2)<0.01

(Kenny et al 2020a) (1) squat-
ΔccFT

Healthy 12 0 AdhesiveDoppler patch

(FlosonicsMedical)
PCA (Clearsight) (1) 0.79 (100%concordance) NR Simultaneous
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Table 3. (Continued.)

COStudy

Carotid

parameter(s) Subject population

No. of

subjects (n) MV (%) CDUDeviceb
Reference

methodb
Correlation to reference

ρ/ICC p-value

Time interval from

referencemeasurement

(2) squat-
ΔcVTI

(2) 0.90 (100%concordance)

(VanHoute et al 2021) (1) cBF Cardiac surgery 18 100 Epiq 7 (Philips
Healthcare)

PCA (PiCCO) (1) 0.67 (72% concordance) <0.001 Simultaneous

(2) cVTI (2) 0.25
(VanHoute et al 2022) ccFT Cardiac surgery 18 100 Epiq 7 (Philips

Healthcare)
PCA (PiCCO) 0.43 (100%concordance) <0.0001 Simultaneous

(Kenny et al 2021b) (1)negP-
ΔcVTI

Healthy 11 0 AdhesiveDoppler patch

(FlosonicsMedical)
PCA (Nexfin) (1) 0.93 (99% concordance) NR Simultaneous

(2)negP-
ΔccFT

(2) 0.92 (97% concordance)

(Kenny et al 2020a) sEIOT/

sEEOT-

ΔcVTI

Healthy 10 0 AdhesiveDoppler patch

(FlosonicsMedical)
PCA (ClearSight) 0.95 (100%concordance) NR Simultaneous

MV:mechanically ventilated; negP: negative pressure; NR: not reported;NS: non-significant; PCA: pulse contour analysis; sEIOT/sEEOT: simulated end-inspiratory and expiratory occlusion test; TPTD: transpulmonary thermodilution;

TTE: trans-thoracic echocardiography.
a Valuewas not explicitly reported and therefore estimated from the protocol description (where possible).May be inaccurate.
b The authors did not verify the accuracy of any of the devices’manufacturer, allmanufacturers are acknowledged as originally identified in the pertaining study publication.
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of 0.81. A generalized assumption that 10%of the total CO is distributed to each carotid artery was used for the
calculation of CDU-derived CO. It could be hypothesized that a personalized estimate of this ratio would further
improve such results.

It is of crucial importance to obtain CDUmeasurements (nearly) simultaneously with the reference.
Haemodynamics change rapidly in ICU and surgical patients, and therefore the observed correlationmay be
erroneous if the timing is not taken into account. Themedian correlationwas higher when bothmeasurements
were obtainedwithin 5 min (ρ=0.57, IQR: 0.30–0.84) compared to studies that did not complywith this
criterium (ρ=0.27, IQR:−0.01–0.54). In fact, even algorithm-lagwas found to have an impact on the ability of
a system to track rapid haemodynamic changes (Kenny et al 2022a).

Notably, a highermedian correlationwas observed between preload-induced (dynamic) changes inCDU
andCOmeasurements (ρ=0.85, IQR: 0.64–1.00), as compared to staticmeasurements (ρ=0.44, IQR:
0.26–0.62).Moreover, in trending studies, a high concordance ratewas generally reported betweenCO and
different CDUparameters: 99%–100% for carotid velocity time integral (cVTI) (Kenny et al
2020a, 2020a, 2021b), 97%–100% for corrected carotid flow time (ccFT) (Kenny et al 2020a, 2021b, VanHoute
et al 2022), although only 72% for cBF (VanHoute et al 2021). Nevertheless, thesefindings suggest that, as
opposed tomeasuring absolute values, trending and functional haemodynamicmonitoring study designsmay
bemore clinically relevant.

CDU for the assessment of volume status (VS)
Several studies explored the use of CDU for the assessment of VS (table 4), representing the quantitative state of
circulating blood volume. ReportedAUROC, sensitivity, and specificity values are presented infigures 3 and 4.
From these results, passive leg raise-induced changes in ccFT (PLR-ΔccFT) appear as a promising classifier for
hypovolaemia. Four studies consistently demonstrated that PLR-ΔccFT is significantly higher in volume-
depleted subjects (Mackenzie et al 2015, Antiperovitch et al 2017, Shokoohi et al 2017, Karadadaş et al 2020).
Three of these studies reportedAUROCvalues ranging from0.78 to 0.91, representing a good to excellent level
of discrimination (Hosmer et al 2013).

Furthermore, the absolute ccFT value demonstrated to be a predictor of VS, asflow time decreased
proportionally to the level of volume depletion (Chebl et al 2019). Reported sensitivity ranged between 74%and
95% (Blehar et al 2014,Hossein-Nejad et al 2015,Mackenzie et al 2015). The ability to assess VS based on the
absolute ccFTwould be advantageous, as itmay allow rapid or continuousmonitoring. Although the number of
studies on this topic is limited, ccFT stands out as a promising tool to assess VS. Further research is required to
justify its role in clinical ICU, emergency department, or perioperative care settings.

CDUas a tool for the prediction offluid responsiveness (FR)
Studies that investigated the ability of CDU-derived parameters to predict FR, i.e., the ability of a patient to
respond positively to a preload challenge, are summarized in table 5. Figures 5 and 6 present the AUROC,
sensitivity, and specificity values reported by each study. As a rule of thumb, AUROC levels above 0.70 and 0.80
indicate an acceptable and excellent level of discrimination respectively (Hosmer et al 2013). The aggregated

Figure 2.Pearson’s correlation coefficient (ρ) (filled diamond) or ICC (unfilled diamond) to reference CO reported by each study and
respective CDUparameter. Limit for clinical interchangeability as described previously (Ameloot et al 2015).
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Table 4. Summary of CDU-basedVS studies.

VS Study

Carotid

parameter(s)
MeanVR/

VE (mL)
Subject

population

No. of

subjects MV (%) CDUDeviceb Sens (%) Spec (%)
AUROC

95%CI, p-value)
Optimal cut-off

values

Mean change

after VR/VE

(Blehar et al 2014) ccFT +1110 Dehydrated 56 0 ZonareMedical Systems 95 NR NR NR +14.9%

(Hossein-Nejad et al

2015)
ccFT −2409 Dialysis 93 0 SonoScape S6 (SonoSite) 89 NR NR NR −10.04%

(Mackenzie et al

2015)
(1) ccFT −452 Blood donors 70 0 SonoSiteM-Turbo

(SonoSite)
(1) 74 (1) 69 NR (1) 310 ms (1)+19 ms

(2)PLR-ΔccFT (2) 66 (2) 77 (2) 5% (2)+7.1%

(Antiperovitch et al
2017)

(1) ccFT −1070 Dialysis 49 0 SonositeM-TurboUS

(Fujifilm)
(2) 71 (2) 94 (1) 0.64

(0.53–0.75,NR)
(2) 30 ms NR

(2)PLR-ΔccFT (2) 0.91
(0.85–0.97,NR)

(Shokoohi et al 2017) PLR-ΔccFT +933 Dehydrated 123 0 SonoSiteM-Turbo and

Edge portable (Bothell)
73 82 0.86 (0.81–0.91,NR) 5% NR

(Chebl et al 2019) ccFT −3890 Dialysis 54 0 SonoSite Xporte (SonoSite) NR NR NR NR −19ms (<3 L)
−32ms (3–4 L)
−41ms (>4 L)

(Karadadaş et al 2020) (1)PLR-ΔcFT NA GI bleeding 94 0 MindrayDC-3Ultrasound

System (Mindray)
(1) 88 (1) 54 (1) 0.80

(0.65–0.95,NR)
(1) 12 ms NA

(2)PLR-
ΔccFT

(2) 88 (2) 69 (2) 0.78
(0.63–0.91,NR)

(2) 28 ms

cFT: carotid flow time, i.e., systolic interval; GI gastro-intestinal; NAnot applicable; NRnot reported; NS non-significant; VE volume expansion; VR volume removal.
a Valuewas not explicitly reported and therefore estimated from the protocol description (where possible).May be inaccurate.
b The authors did not verify the accuracy of any of the devices’manufacturer, allmanufacturers are acknowledged as originally identified in the pertaining study publication.
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performance of the individual CDU-derived parameters, quantified by theirmedian AUROCwas: for ccFT, 0.85
(IQR: 0.79–0.91, 9 studies); forΔcV_peak, 0.84 (IQR: 0.80–0.87, 7 studies); for cBF, 0.79 (IQR: 0.58–0.99, 3
studies); for cVTI, 0.90 (IQR: 0.78–1.0, 3 studies); and for cV_sys, 0.56 (only one study).

It stands out from this review that both ccFT andΔcV_peak are likely excellent discriminators of FR.Other
parametersmay be suitable as well, such as cVTI, although limited evidence exists so far.

One study (Hilbert et al 2016) found that cDIA increased significantly by 5.0 (1.9–10.5)%after afluid
challenge. The samewas observed influid responders in a previous study (Marik et al 2013). This finding has two
important implications: firstly, that the change in cDIA in response to a preload challengemay informon the FR
status; secondly, that cDIAmeasurementsmust be repeated before and after a preload challenge in order to
reliably calculateΔcBF.

It is to be noted that, in clinical practice, theremay be overlap between the assessment of VS and FR, and the
difference between these two entitiesmay not always be straightforward. Here, VS studiesmostly involved either
hyper- (pre-dialysis) or dehydrated spontaneously breathing patients, and investigated observable changes in
CDUparameters in response to an induced increase or decrease in circulating blood volume, whereas FR studies
assessed hemodynamically unstable patients in simulated or real critical and perioperative care settings, and
evaluated the ability of CDUparameters to detect preload-challenge-induced SV changes as recorded by a
chosen referencemethod. The distinction between FR andVS in the current and former sections of this review
article is thereforemerely based on the endpoints sought by the authors of the summarized studies.

Additionally, in clinical decision-making, the presence of a SV response to an applied preload challengemay
not always determinewhether a patient is in need for additional fluid therapy. For example, a patient recovering
from sepsismay function on the ascending limb of the Frank-Starling curve due to vasoplegia and capillary
leakage.However, if signs of inadequate organ perfusion are lacking, administration of extra fluidsmay be
unnecessary and even harmful, especially in a setting of clinical hypervolemia (i.e., tissue, and pulmonary

Figure 3. Forest plot showing theAUROC (filled squares) and 95% confidence intervals (horizontal lines) in assessingVS for each
study and respective CDUparameter. Acceptable and excellent discrimination limits as described previously (Thom et al 2009).

Figure 4. Sensitivity and specificity in the assessment of VS for each study and respective CDUparameter.
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Table 5. Summary of CDU-based FR studies.

FR Study

Carotid para-

meter(s) Ref.methodb
Subject

population

No. of

subjects MV (%) CDUDeviceb

Time interval

from reference

measurement Sens (%) Spec (%)
AUROC (95%
CI, p-value)

Optimal cut-off

values

Correlation to

reference ρ (p-
value)

(Marik et al

2013)
PLR-ΔcBF Bioreact-ance ICU 34 56 LOGIQe (GE

Healthcare)
Simult. 94 86 NR 20% 0.59 (0.0003)

(Song et al
2014)

ΔcV_peak TD Elective cor-

onary

bypass

40 100 SequoiaC512 (Sie-
mensMedical

Solutions)

Simult.a NR NR 0.85

(0.72–0.97,
<0.001)

11% 0.64 (<0.001)
(abs. value
before VE)

0.48 (0.003) (%
change

withVE)
(Crager 2015) cV_sys Bioreact-ance ICU 15 NR NR NR 67 NR NR NR NR

(Ibarra-Estrada
et al 2015)

PLR-

ΔcV_peak

TPTD ICU 19 100 SonoSite

(SonoSite)
<30mina 86 86 0.88

(0.77–0.95,
<0.001)

14% 0.84 (<0.001)

(Peachey et al
2016)

PLR-ΔcBF Supra-sternal

Doppler

Healthy,

fasted

20 0 SonoSite Edge

(SonoSite)
<15mina NR NR NR NR 0.28 (0.8)

(Hilbert et al

2016)
VE-ΔcDIA Arterial line

(VE-
ΔMAP,

VE-ΔPPV)

ICU 20 100 PhilipsHD15

(Philips
Healthcare)

NR NR NR NR NR (1) 0.53 (<0.05)

(2) 0.56 (<0.05)
(Roehrig et al

2017)
(1) cBF TD ICU 35 100 SiemensAcuson

Ultrasound

9300 PE (Sie-
mens

Healthcare)

Simult.a (3) 83 (3) 83 (3) 0.81
(0.55–0.95,
0.03)

10% (1) 0.80
(<0.0001)

(2)PLR-ΔcBF (2) 0.79
(<0.0001)

(3)ΔcV_peak

(Lu et al 2018) ΔcV_peak TPTD ICU 49 100 SonoSite

(SonoSite)
NR 78 90 0.91

(0.82–1.0,
<0.001)

13% 0.85 (0.01)

(Hossein-Nejad

et al 2017)
PLR-ΔccFT None Healthy 142 0 SonoScape S6

(SonoSite)
NR NR NR NR

(NR,<0.001)
NR NR

(Kim et al 2018) (1)ΔcV_peak TTE 53 0 <30mina (1) 73 (1) 87 (1) 9.1% NR
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Table 5. (Continued.)

FR Study

Carotid para-

meter(s) Ref.methodb
Subject

population

No. of

subjects MV (%) CDUDeviceb

Time interval

from reference

measurement Sens (%) Spec (%)
AUROC (95%
CI, p-value)

Optimal cut-off

values

Correlation to

reference ρ (p-
value)

Neuro-

surgery

Vivid E9 (GE
Vingmed

Ultrasound)

(1) 0.82
(0.70–0.94,
<0.001)

(2) ccFT (2) 73 (2) 84 (2) 0.84
(0.74–0.95,
<0.001)

(2) 349 ms

(Barjaktarevic
et al 2018)

PLR-ΔccFT Bioreact-ance ICU 77 59 LOGIQ e, (GE
Healthcare)

Simult. 68 96 0.88

(0.80–0.96,
<0.001)

7 ms NR

(Jalil et al 2018) PLR-ΔccFT PCA (Vigileo/
FloTrac)

ICU 22 82 SonoSiteM-turbo

(SonoSite)
Simult. 60 92 0.75

(0.54–0.96,
NR)

24.60% NR

(Girotto et al
2018)

(1)PLR/
VE-ΔcBF

TPTD ICU 33 94 CX50 (Philips
Healthcare)

Simult. (1) 90 (1) 22 (1) 0.58
(0.48–0.68,
0.14)

(1) 22% NR

(2)PLR/VE-
ΔcV_sys

(2) 59 (2) 74 (2) 0.56
(0.47–0.65,
0.53)

(2) 9%

(McGregor et al

2020)
ΔcBF TTE ED 33 0 SonoSite Edge

(SonoSite )
Simult. 46 45 NR NR NR

(Abbasi et al
2020)

(1)VE-ΔcBF Bioreact-ance ICU 112 0 Sonosite Edge

(SonoSite)
<15mina NR NR (1) 0.58

(0.47–0.68,
NR)

(1) 19 ml min−1 NR

(2)VE-ΔccFT (2) 0.59,
(0.46–0.65,
NR)

(2) 6 ms

(Judson et al
2021)

VE-ΔccFT Nonec ED 209 0 SonoSiteM-Turbo

(FUJIFILM
SonoSite)

Simult. NR NR NR NR 0.01 (0.061)

(Kenny et al
2022a)

(1) Squat-
ΔcVTI

Noned Healthy 8 0 AdhesiveDoppler

patch (Flosonics
Medical)

NR 100 100 0.98 (1) 10.5% NR

(2) Squat-
ΔccFT

(2) 2.5%
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Table 5. (Continued.)

FR Study

Carotid para-

meter(s) Ref.methodb
Subject

population

No. of

subjects MV (%) CDUDeviceb

Time interval

from reference

measurement Sens (%) Spec (%)
AUROC (95%
CI, p-value)

Optimal cut-off

values

Correlation to

reference ρ (p-
value)

(Kimura et al

2022)
RM-ΔccFT PCA (Vigileo/

FloTrac)
GA 30 100 Vivid S6 (GE

Healthcare)
Simult. 95 80 0.82

(0.64–0.94,
0.002)

−11.70% 0.55 (0.002)

(Jung et al 2021) (1)VE-
ΔccFT (B6)

PCA (Vigileo/
FloTrac)

ICU 36 100 SonoSite

M-Turbo,

(SonoSite)

Simult. (1) 69 (1) 95 (1) 0.90
(0.75–0.97,
<0.0001)

(1) 338 ms NR

(2)VE-
ΔccFT

(B10)

(2) 81 (2) 85 (2) 0.90
(0.75–0.97,
<0.0001)

(2) 345 ms

(3)VE-
ΔccFT

(W6)

(3) 88 (3) 80 (3) 0.88 (0.72,
0.96,

<0.0001)

(3) 325 ms

(4)VE-
ΔccFT

(W10)

(4) 94 (4) 75 (4) 0.89
(0.74–0.97,
<0.0001)

(4) 335 ms

(Effat et a ) (1)PLR-ΔcBF TTE ICU 44 45.5 SiemensAcuson

X300 (Siemens

Medical

System)

<15mina (1) 90 (1) 100 (1) 0.99
(0.98–1.0,
<0.001)

(1) 21.99% (1) 0.60
(<0.000 01)

(2)VE-ΔcBF (2) 95 (2) 100 (2) 1.0
(0.99–1.0,
<0.001)

(2) 22.96% (2) 0.65
(<0.000 01)

(Chowhan et al
2021)

PLR-ΔcVTI TTE ICU 60 100 IMAGICAgile

(Kontron
Medical)

NR Sepsis: 89 Se: 82 Se: 0.90 Se: 6.4% Se: 0.65

Shock: 71 Sh: 69 Sh: 0.69 Sh: 14.8% Sh: 0.34

Control: 71 C: 85 C: 0.74 C: 10.6% C: 0.52

(Kenny et al
2022b)

(1)negPR-
ΔcVTI

PCA (Nexfin) Healthy 11 0 AdhesiveDoppler

patch (Flosonics
Medical)

Simult. (1) 89 (1) 100 (1) 0.97 (1) 18% NR

(2)negPR-
ΔccFT

(2) 89 (2) 100 (2) 0.98 (2) 4%
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Table 5. (Continued.)

FR Study

Carotid para-

meter(s) Ref.methodb
Subject

population

No. of

subjects MV (%) CDUDeviceb

Time interval

from reference

measurement Sens (%) Spec (%)
AUROC (95%
CI, p-value)

Optimal cut-off

values

Correlation to

reference ρ (p-
value)

(Xu et al 2020) (1)VE-
ΔcV_peak

TTE CS 70 NR KonicaMinolta

(SonimageHS1)
<15mina (1) 87 (1) 65 (1) 0.81

(0.71–0.91,
NR)

(1) 9.1% NR

(2)VE-ΔccFT (2) 90 (2) 85 (2) 0.85
(0.75–0.96,
NR)

(2) 314 ms

B/W[]: Bazett/Wodey’s formula [ml/kg fluid bolus]; C: control; CS: caesarean section patients; ED emergency department; GA: general anaesthesia; negPR: negative pressure release; NR: not reported; RM: recruitmentmanoeuvre; Se:

Sepsis; Sh: Shock; Simult.: simultaneous.
a Valuewas not explicitly reported and therefore estimated from the protocol description (where possible).May be inaccurate.
b The authors did not verify the accuracy of any of the devices’manufacturer, allmanufacturers are acknowledged as originally identified in the pertaining study publication.
c Compared against VE-ΔcBF.
d Measured ability to detect preload change.
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edema). Therefore, the patient’s clinical background should be kept inmindwhen interpreting their response to
functional hemodynamic testing. Furthermore, increased cardiac output after a volume challenge has been
shown to increase oxygen uptake at cellular level in only one-half of the patients (Monnet et al 2013). Lastly, any
benefit from fluid administrationmay be only short-lived, yet potential harms remain.

Validity of CDU in different patient groups

Considering the high heterogeneity of studies, the validity of CDUas a haemodynamicmonitoring tool was
evaluated in different patient groups.Within the domains of CO and FR,most studies were conducted in the
ICU,while studies that assessedVSwere conducted on either healthy volunteers (dehydrated), GI bleeding, or
dialysis patients.

Figure 5. Forest plot showing theAUROC (filled squares) and 95% confidence intervals (horizontal lines) for each study and
respective CDUparameter. ForChowhan (2021): black square—shock group, grey square—sepsis group, white square—control
group. Acceptable and excellent discrimination limits as described previously (Thom et al 2009).

Figure 6. Sensitivity and specificity to the detection of FR for each study and respective CDUparameter. ForChowhan (2021): circles
—shock group, squares—sepsis group, diamonds—control group.
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Spontaneously breathing versusmechanically ventilated patients
Themedian observed correlation of CDU-derived parameters to reference COwas ρ=0.49 (IQR: 0.25–0.72)
across studies conducted onmechanically ventilated patients, whereas it decreased to ρ=0.29 (IQR: 0.13–0.46)
in spontaneously breathing patient cohorts. Positive versus negative inspiratory intrathoracic pressures play a
crucial role in preloading the right heart and therefore influence stroke volume differently. Respiratory variation
that occurs in spontaneously breathing patients,may confoundCDU-estimatedCO to a large extent. Similarly,
such variationmay also occur in hypovolaemicmechanically ventilated patients. It should be noted that,
conversely, amuch highermedian correlationwas reported in healthy volunteers (0.73, IQR: 0.27–1.0),
naturally reflecting amore controlled study setting, with participants in steady cardiorespiratory conditions.

A similar distinctionwas shown in the context of FR prediction. ThemedianAUROCofCDU-based FR
predictors was 0.82 (IQR: 0.74–0.90) in ventilated patients, whereas it decreased to 0.71 (IQR: 0.58–0.83) in
spontaneously breathing patients.

Conversely, VS assessment seemed feasible in spontaneously breathing patients. All related studies were in
fact performed on non-ventilated subjects. It is yet to be demonstratedwhether similar results can be obtained in
mechanically ventilated cohorts. Future study designs should take into account the influence of respiratory
mechanics onCOand its respiratory variation.

Haemodynamically unstable patients
The validity of CDU in the context of haemodynamically unstable patients has been studiedwithin the domain
of FR. Thirteen studies were conducted on ICUpatients in either septic, cardiogenic or undifferentiated shock,
and reported amedian AUROCof 0.88 (IQR: 0.76–0.99), a sensitivity of 83% (IQR: 72%–94%), and a specificity
of 86% (IQR:78%–94%). However, one study that compared septic shock patients with healthy controls found
that AUROCpredicting FRwas lowest in the shock cohort (Chowhan et al 2021).

CDU-basedCO estimation in haemodynamically unstable patients was evaluated in one study (Girotto et al
2018). Amoderate correlation between cBF and transpulmonary thermodilution (TPTD)-derivedCO
(ρ=0.54). In a subgroup analysis from another study (Peng et al 2017), the correlation betweenCDU-basedCO
andTTE-basedCOdecreased from0.54 (overall) to 0.24 (in a septic shock subgroup).

Traumatic brain injury and stroke patients
Traumatic brain injury and strokewere often among the exclusion criteria inCDU studies, as altered cerebral
autoregulation is expected. There is thus a research gap regarding the validity of CDU in these patient groups. A
subgroup analysis in a study (Peng et al 2017) reported a negligible correlation (ρ=0.06) betweenCDU-based
COandTTE-basedCO in 6 traumatic brain injury patients (while an overall ρ=0.54was found on the 148
subjects). However, large time intervals of up to 8 h between the TTE andCDUmeasurementsmay partly be
responsible for the lack of correlation.Only one study included patients with a history of stroke or transient
ischemic attack (11 out of 51), and reported an overallmoderate to poor correlation (ρ=0.44 for cBF, ρ=0.29
for ccFT) (Ma et al 2017). However, no subgroup analysis was performed for these patients.

Patientswith atrialfibrillation
Atrialfibrillationwas also a common exclusion criterion.Only one study (Ma et al 2017) performed a subgroup
analysis including 6 atrialfibrillation patients. In these patients, no correlationwas found betweenCDU
measurements and their reference (TD-CO), as opposed to amoderate correlation in the non-atrial fibrillation
study group. Seen the small sample size, further evidence is required.

Feasibility and training issues

It was shown that novice sonographers can easily learn to perform aCDUexamination (Stolz et al 2015, Osgood
et al 2021). In one study, 94%of physicianswith various sonographic experience levels acceptably completed a
CDUexamination after a 3-step learning program (Osgood et al 2021). Another study showed that afive-minute
instructional video led to adequate cVTImeasurements amongst trainees. However, performance was lower on
the assessment of cDIA (Stolz et al 2015). A feasibility study showed that 87%of attemptedmeasurements were
clinically interpretable (McGregor et al 2019).Moreover, it was shown that carotidflowparameters could be
obtained in less than 3 min (Stolz et al 2015,McGregor et al 2020,Osgood et al 2021), and no significant
differences in image qualitywere reported between novice and experienced sonographers (Stolz et al 2015,
Osgood et al 2021). Conversely, a small study reported on the inability of three novice sonographers to
determine fluid responsiveness after a 6-hours hands-on training (Abbasi et al 2020).Moreover, the level ofUS
experience seems to be correlated to the correct setting of the insonation angle (Osgood et al 2021).
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In two studies, poor inter-operator reliability and reproducibility were reported amongst experienced
sonographers (Doctor et al 2017, Bussmann et al 2019). However,most studies reported a good or excellent
intra- and inter-operator reliability for sequential CDUmeasurements in healthy volunteers (Pomella et al 2017,
Brandt et al 2018, Kim et al 2018,McGregor et al 2019), in cardiac surgery (Song et al 2014), and ICUpatients
(Ibarra-Estrada et al 2015, Girotto et al 2018).

The use of equipment fromdifferentmanufacturers leads to variability inCDUoutcomes (Howard et al
1996). As such, it is advised that the same device be usedwhen performing serialmeasurements.

Altogether, CDU seems to be a feasible, fast and easy-to-learn technique, with an overall acceptable intra-
and inter-operator reproducibility and reliability. However, operator experiencemay still have an impact on the
reliability of the acquired data, and therefore standardized training protocols and requirements are
recommended.

AutomatingCDU

Currently, CDUparameters aremostlymanually traced.However, the development of automatic tracing and
parameter-extraction algorithmsmay decrease operator dependency. Future algorithms could guide the
sonographer towards correct placing and setting of theUS probe, improving reliability and repeatability of
measurements. Furthermore, the development of wearable devices will likelymitigate the effect of insonation
angle (Radparvar et al 2020), minimize positioning errors and allow continuousmeasurement. Lui et al (Lui et al
2005) found no significant difference betweenmanual velocitymeasurements and those obtainedwith an
automatic peak velocity tracker.Marik et al (Marik et al 2013) demonstrated a high degree of reproducibility
when using an automated cVTI tracing and cBF extraction algorithm. Finally, a recently developedwearable
CDUpatchwith incorporated automatic cVTI tracingwas reported to have excellent trending performance,
with a concordance rate of 100% to a non-invasive referencemethod (ClearSight) (Kenny et al 2020b).Wearable
devices alsomake it feasible tomeasure over a larger set of consecutive heartbeats, allowing for increased
statistical confidencewhenmeasuring parameter changes over a preload challenge, whichmay otherwise be
confounded by respiratory-induced variations (Kenny 2021a).

Emerging technologiesmay further aid the use of CDUas a haemodynamicmonitoring tool. In contrast to
conventional Doppler, ultrafast Doppler is based on planewave imaging and provides superior temporal
resolution (typically faster than 1000 frames per second) over a large region of interest (Tanter and Fink 2014).
This can benefit flow time-derived parameters and allows advanced analysis of transient flowphenomena such
as turbulence and jets. Alternatively, ultrafast Doppler can be optimized to enhance flow imaging by increasing
resolution, and introducing very fine tissue/flowdiscrimination.Moreover, themethod can be extended to
visualizeflow in 3D, providing better insights for the clinician and reducing variability (Correia et al 2016).
Another relevant application of planewave imaging for haemodynamicmonitoring is the estimation of arterial
stiffness, either through estimating pulsewave velocity or using shear wave imaging (Sørensen et al 2008, Couade
et al 2010). Lastly, vector flow imaging is an angle-independent velocity estimation technique that evaluates the
amplitude and direction of the true velocity vector at any location in the vessel (Goddi et al 2017).Multiple
studies show that vector flow imaging ismore accurate than spectral Doppler in evaluating peak systolic velocity,
shows increasedmeasurement repeatability, and is strongly correlated tomagnetic resonance phase contrast
angiography (MRA) (Tortoli et al 2015, Brandt et al 2018).

Agenda and recommendations for future research

Based on this review, we propose a set of recommendations to improve the quality, reliability, and
reproducibility of research and clinical practice and suggest future research directions (table 6).

Conclusion

CDUhas been studied over the past two decades as an alternative non-invasive haemodynamicmonitoring tool.
CDU is cost-effective, easy to learn for novice sonographers, and can be performed unobtrusively at the bedside,
as the CCA is readily accessible. Nevertheless, technical aspects and cerebrovascular physiology need to be taken
into account, in order to interpret CDU-derived parameters adequately.

It stands out from this review, that CDUas a haemodynamicmonitoring tool is yet not clinically
interchangeable with invasive calibrated ‘gold-standard’COmonitoring tools. Contradictory results have been
reported, dictating the need for homogeneous study designs andwell-controlled study protocols in future
research. To this end, practical recommendations are provided in this review.Nevertheless, CDUhas proven
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promising for the functional assessment of VS and FR, in particular bymonitoringΔccFT andΔcV_peak,
respectively. Therefore, futureCDU research designs should focus on functional haemodynamicmonitoring
protocols.With the present work, we have structured and clarified the available evidence regarding CDUas a
haemodynamicmonitoring tool, andwe believe to have set a solid foundation for effective future research in
thisfield.
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Table 6.Proposed guidelines and recommended directions for future research and development regardingCDUas a haemodynamic
monitoring tool.

Domain Number Guideline

Study design and reporting 1 ObtainCDUand referencemeasurements (nearly) simultaneously.

Report the time intervals.

2 While interpreting CDU study results, also consider the limitations, accuracy and pre-

cision of the referencemethod of choice.

3 Ventilationmode, driving pressures, and tidal volume settings should be homo-

geneous amongst study groups. Report on ventilatory settings.

4 Report the use of inotropes and vasopressors.

5 Use the sameUSmachinewithin one study, tominimize device-relatedmeasurement

variations.

6 Report the level of expertise of the sonographers involved in the study.

7 Report bias, limits of agreement, percentage error (Bland-Altman analysis), and
trending inCO comparison studies (concordance rate).

8 Report changes in arterial blood pressure, heart rate, CVP/ICP, PaCO2measure-

ments, and oxygenation.

9 Ensure standardised and unaltered patient positioningwhen performing successive

CDUmeasurements.

Clinical practice 10 Formulate image qualitymetrics for acceptability, discard low-quality images.

11 Interpret unusual or inexplicable waveformswith caution.

12 Report on (ipsilateratal, contralateral, or bilateral) carotid artery stenosis.
13 Measure carotid artery diameter at peak-systole, end-diastole, on short and long axis

view, and before and after a preload challenge.

14 Theminimum set of acquired heartbeats per CDUmeasurement should be reported,

and chosen based on the average respiration-induced variation in theCDUpara-

meter of interest, and on the change threshold to be detected.

15 Ensure correct ultrasound settings (e.g., angle correction and sample volume cursor).
16 Operators should be adequately trained before performingCDU studies. Develop

standardized requirements for operator training.

17 Encountered carotid abnormalities duringCDUexamination should lead to referral

to a clinical vascular laboratory.

Future research and development

directions.

18 Focus on functional dynamic (trending, preload challenge) rather than static (absolute
measurements)monitoring of CDUparameters.

19 The development of automated tracing algorithms is highly desirable.

20 The development of wearable CDUdevices is highly desirable.
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