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Sepsis significantly impacts the circulatory system and is associated with high mortality rates,
particularly in patients with septic shock who require urgent treatment. Non-invasive cardiac output
monitoring is a critical bedside tool for assessing fluid responsiveness. This study aimed to evaluate
the agreement between cardiac output measurements obtained from the carotid artery and the left
ventricular outflow tract (LVOT) in patients with septic shock in the emergency department (ED).

A prospective observational study was conducted on adult patients diagnosed with septic shock

and admitted to the ED between October 2023 and October 2024. Cardiac output was calculated

using the standard formula (CO=VTI x cross-sectional area x heart rate) for both LVOT and carotid
measurements. Agreement between LVOT-derived and carotid-derived cardiac output was assessed
using Lin’s concordance correlation coefficient, intraclass correlation coefficient, Bland-Altman
analysis, and percentage error. Forty patients with septic shock were included in the study. The

mean carotid blood flow was 0.855 L/min, while the mean cardiac output measured by LVOT
echocardiography was 5.329 L/min. Cardiac output measurements derived from carotid artery VTI

and LVOT VTl showed a moderate agreement, as demonstrated by Lin’s Concordance Correlation
Coefficient of 0.527 (p<0.001) and an Intraclass Correlation Coefficient (absolute agreement) of 0.695
(p<0.001). Bland-Altman analysis revealed a bias of - 0.47 (95% Cl: -2.11 to 1.17), with a concordance
interval ranging from -10.51 (95% Cl: -13.35 to - 7.67) t0 9.58 (95% Cl: 6.74 to 12.42). Non-invasive
cardiac output measurements from the carotid artery exhibited only moderate agreement with those
derived from the LVOT, accompanied by wide limits of agreement. This indicates that the two methods
should not be utilized interchangeably for clinical decision-making in individual patients. Carotid artery
measurements should not be regarded as a direct replacement for LVOT examinations.
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Sepsis is characterized by an abnormal response of multiple organs, while septic shock represents a toxic state
resulting in severe circulatory, cellular, and metabolic failure, substantially increasing mortality risk in the
emergency department (ED)! .

Hemodynamic monitoring and cardiac output quantification are cornerstones in the management of septic
shock patients. Recent evidence the appropriate administration of fluids in patients with septic shock significantly
influences treatment outcomes*. Insufficient fluid administration can lead to renal failure and higher mortality
rates, whereas excessive fluid delivery can result in organ edema, exacerbation of renal failure, cardiac failure,
prolonged intensive care unit stays, extended ventilator usage, and increased mortality>®. Therefore, determining
the optimal fluid volume to improve cardiac output is critical in resuscitating patients with shock”.

The gold standard method for cardiac output assessment, pulmonary thermodilution, involves the insertion
of a pulmonary artery catheter. However, this technique is complex, associated with a high risk of complications,
and not feasible in the ED setting®.

Ultrasound-guided cardiac output assessment has transformed resuscitation strategies in septic shock.
Ultrasound-based cardiac output monitoring has been shown to reduce fluid overload by 23% in septic patients,
a critical advantage given the established link between fluid overload and increased mortality in this population®.
The left ventricular outflow tract (LVOT) technique involves measuring the LVOT velocity time integral (VTT)
and the LVOT diameter to estimate cardiac output. This method has demonstrated comparable results to
conventional techniques®!!. However, it may not be practical for all patients, as accurate measurements can
be challenging in individuals with narrow intercostal spaces. In such cases, assessing cardiac output using
ultrasound of the carotid artery offers a more accessible option.

Previous studies have indicated that ultrasound-based cardiac output measurements from the carotid artery
yield results comparable to standard methods in various settings. Carotid artery VTI offers several potential
advantages over LVOT VI for cardiac output assessment in the emergency setting. First, the superficial location
of the carotid artery makes it more accessible for imaging, with reported feasibility rates of 92-96% compared
to 78-85% for LVOT imaging in critically ill patients!’. Moreover, carotid measurements require less technical
expertise and can be performed more rapidly (mean time 45 s vs. 118 s for LVOT), a crucial consideration in
time-sensitive resuscitation scenarios'2. However, there is limited published data on non-invasive cardiac output
monitoring in the ED. Additionally, while extensive research focuses on individuals with heterogeneous shock
populations or healthy populations, septic shock patients remain a key area of study in critical care settings'?~15.
The primary aim of this study is to investigate the agreement between cardiac output measurements obtained
using LVOT VTI and common carotid artery VTI in patients with septic shock, providing valuable insights
for healthcare professionals in assessing fluid responsiveness in this population especially in resource limited
country where sophisticated hemodynamic monitoring may be inaccessible, or equipment capabilities are
restricted.

Methods

Design and setting

This single-center prospective observational study was conducted in the Department of Emergency Medicine at
Khon Kaen University from October 2023 to October 2024. The hospital is a leading urban academic medical
institution in northeastern Thailand, managing approximately 60,000 to 70,000 emergency patients annually.

Patients

Consecutive patients who met the eligibility criteria established by the attending physician in the emergency
department during the study period were enrolled, which included patients aged 18 years or older with sepsis
and hypotension necessitating vasopressors. Exclusion criteria included pregnancy, cardiac arrhythmias, aortic
valve disease, aortic dissection, carotid stenosis greater than 50%, and mechanical ventilation.

Data collection

Demographic information was recorded for all enrolled patients. Cardiac output assessment was performed
following vasopressor administration within 15 min of achieving a target systolic blood pressure of >90 mmHg
or amean arterial pressure of >65 mmHg. The assessments were conducted by experienced emergency physicians
with over five years of practice in point-of-care ultrasonography.

All ultrasound measurements were carried out using the Mindray M9 ultrasonography apparatus (Mindray,
Shenzhen, China). Patients were not sedated for the ultrasound procedure. For evaluating common carotid
artery blood flow parameters, the Mindray L14-6Ns linear array transducer, operating at a frequency range of
6.0-14.0 MHz, was utilized. Cardiac ultrasonography was performed using the Mindray SP5-1s phased array
transducer, operating at a frequency range of 1.0-5.0 MHz, and the pulse wave Doppler was applied to measure
LVOT VTI in an apical five-chamber view. Cardiac output measurements using both the LVOT and carotid
artery techniques were performed for all eligible patients.

In the LVOT technique, patients were set up in a supine position, and a parasternal long-axis view was
acquired to assess the LVOT diameter. Utilize the zoom function and freeze the screen when the physician
visualizes the aortic valve at mid-systole, then manually measure the LVOT diameter adjacent to the aortic
annulus at the base of the leaflets. The apical five-chamber view was used to acquire VTI. Place the pulse wave
Doppler gate at the LVOT in the apical five-chamber view at the aortic annulus, or the base of the aortic valve
leaflets. Activate pulse wave Doppler. Our study measured LVOT VTI over 3-5 cardiac consecutive cardiac
cycles and averaged it. Employ the cardiac calculation package to assess the LVOT VTI. Subsequently, define the
contour of one of the systolic waveforms. The device will subsequently calculate the LVOT VTI. Cardiac output
was calculated by the ultrasound machine based on the heart rate.
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To assess the carotid arteries, patients stayed in the supine position. The carotid vascular preset was utilized.
The common carotid artery was assessed in both transverse and longitudinal planes, beginning with the right
carotid artery. Spectral Doppler tracings were acquired by positioning a 0.5 mm sample gate at the center of the
vessel, 2-3 cm proximal to the carotid bulb in the longitudinal plane. The angle correction cursor was aligned
parallel to the direction of blood flow. The VTI of the Doppler signal was assessed through manual tracings of
a singular waveform. The waveform was recorded during end-expiration, exhibiting a distinct systolic upstroke
with well outlined edges. The waveform is subsequently traced during the systolic phase, from the onset of the
upstroke to the dicrotic notch, to define the interval for VTT calculation. The intimal-to-intimal carotid diameter
was assessed at the cricoid cartilage level. The ultrasound machine computed cardiac output according to the
heart rate. However, if the physician is unable to operate on the right carotid artery, the physician proceeded with
the left side instead. All measurements, both carotid and LVOT were performed during end-expiration.

Analysis and statistics

The sample size for evaluating agreement between two measurement methods using the Bland-Altman method
was calculated!. Based on previous studies'®, a sample size of 40 was determined using a limit of agreement of
3.6, a standard deviation of 0.89, and a K, value of 4.04.

Data were presented as mean + standard deviation (SD), median with interquartile range (IQR), or frequency
counts and percentages, as appropriate. The Bland-Altman method, Lin’s concordance correlation coefficient,
and the intraclass correlation coefficient were used to assess the agreement between the velocity time integral
(VTI) measurements obtained from the left ventricular outflow tract (LVOT) and those from the common
carotid artery. Data analysis was performed using IBM SPSS for Windows, version 27.0, licensed to Khon Kaen
University (SPSS Inc., Chicago, Illinois, USA). A p-value of less than 0.05 was considered statistically significant.

The Bland-Altman analysis was conducted to assess the agreement between carotid artery VITand LVOT VTI
measurements. This method calculates the mean difference (bias) between the two measurement techniques and
the limits of agreement, defined as the bias+ 1.96 standard deviations of the differences. The limits of agreement
represent the range within which 95% of the differences between measurements from the two methods are
expected to lie. Percentage error was calculated using the formula®”: Percentage Error = (1.96xSD of the
difference) / mean of the reference method x 100%.

Results

Baseline characteristics

Over the course of one year, sixty-nine patients were screened; four patients exhibited inadequate visualization
of the left ventricular outflow tract (5.7%), whereas carotid artery measurements were successfully obtained.
Consequently, 40 patients were enrolled. This was presented in Fig. 1. The average age of participants was 67.79
years (SD 15.44). The cohort comprised 41.03% males and 58.97% females. For the LVOT technique, the median
cardiac output was 5.329 L/min, with an interquartile range (IQR) from 4.110 to 6.793. For the carotid artery
technique, the mean carotid blood flow was 0.855 L/min (SD 0.235). Demographic parameters are presented in
Table 1.

Outcome

Lin’s Concordance Correlation Coefficient was 0.527 (p<0.001), and the Intraclass Correlation Coefficient
(absolute agreement) was 0.695 (p<0.001). Bland-Altman analysis revealed a moderate level of agreement
between the velocity time integral (VTI) measurements obtained from the left ventricular outflow tract (LVOT)
and those from the common carotid artery, with a bias of —0.47 (95% CI: -2.11 to 1.17), and a concordance
interval ranging from —10.51 (95% CI: —=13.35 to —7.67) to 9.58 (95% CI: 6.74 to 12.42). The percentage error
using the formula: Percentage Error = (1.96 x SD of the difference) / mean of the reference method x 100%.
Based on our data: 1.96 x SD of the difference between methods=20.09 cm. Mean of the LVOT VTI (reference
method) =22.98 cm. The percentage error was 87.4%. These results are shown in Table 2; Fig. 2.

Discussion

Currently, point-of-care ultrasound serves as a bedside instrument for managing critically ill patients in the
emergency department, significantly influencing patient outcomes?'~4. This prospective observational study
evaluated the agreement between cardiac output measurement techniques using left ventricular outflow tract
(LVOT) velocity time integral (VTI) and common carotid artery parameters in patients with septic shock as
possible indicators of cardiac function; however, carotid blood flow alone is not representative of total cardiac
output.

The Bland-Altman analysis in our study revealed a bias of -0.47 cm with limits of agreement ranging from
—10.51 to 9.58 cm. These limits of agreement indicate that for an individual patient, the carotid artery VTI
measurement could differ from the LVOT VTI measurement by as much as 10.51 cm below or 9.58 cm above.
This results in a percentage error of 87.4%, significantly exceeding the advised threshold of 30% for clinical
interchangeability as determined by Critchley and Critchley. The extensive limits of agreement observed in
our study (-10.51 to 9.58 cm) indicate that carotid artery VTI measurements cannot be dependably utilized
interchangeably with LVOT VTI measurements on an individual patient level. Such wide variability would
be clinically significant and potentially concerning when making treatment decisions based on absolute VTI
values, particularly in hemodynamically unstable patients where precise measurements may guide critical
interventions. Moderate agreement was observed between cardiac output measurements obtained via LVOT
VTI and carotid artery parameters in septic shock patients, as indicated by Lin’s Concordance Correlation
Coeflicient (0.527) and the Intraclass Correlation Coeflicient (0.695 for absolute agreement). Previous studies
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Assessed for eligibility

(n=69) Excluded (n=29)

Cardiac arrythmia (n=7)
Pregnancy (n=1)
Aortic valve disease, aortic dissection (n=2)

Carotid stenosis greater than 50% (n=2)

Mechanical ventilation (n=10)
Poor ultrasonographic views (n=5)
- Inadequate LVOT visualized (n=4)

Refused to participate (n=2)

Enrolled for this study

(n=40)

Fig. 1. Flow diagram of patients.

have reported moderate to high correlations between these two techniques?®~2%. One study showed a moderate
positive correlation between the absolute values of LVOT VTI and carotid artery blood flow, measured using
time-averaged mean velocity (r=0.60, p <0.05), although a weaker correlation was observed during passive leg
raising tests®®. Another study highlighted that carotid flow assessment using handheld ultrasound is a viable
method for evaluating fluid responsiveness, particularly in surgical settings where invasive monitoring (e.g.,
arterial line or pulmonary artery catheter) and other non-invasive methods (e.g., LVOT VTI) may not be feasible
due to limited access to the chest?. Our study is distinct from others as it specifically targets septic shock patients
in the emergency department, while other studies have examined varied populations (e.g., hemodynamically
stable patients, surgical patients, or mixed shock cohorts). Moreover, our study used VTI measurements rather
than other parameters (such as corrected flow time) that have been used in some previous studies?>’). However,
contrasting evidence exists; one study found no significant correlation between carotid Doppler ultrasound and
invasive cardiac output monitoring*’.

Noteworthy finding of our study was the observed similarity between carotid VTI and LVOT VTI
measurements (mean LVOT VTI 18.2+5.3 cm vs. mean carotid VTI 17.7 +£4.3 cm, with a bias of -0.47). Several
physiological and technical factors may explain this observation: First, this similarity may reflect the fundamental
hemodynamic principle that blood flow characteristics are relatively preserved across the arterial system in the
absence of significant obstructive lesions. While absolute flow volume differs between the LVOT and carotid
artery, the velocity-time profile as captured by VTI measurements may maintain more consistent characteristics
between these sites. This supports the concept that flow patterns, rather than just absolute volumes, may be
relatively preserved from central to peripheral arterial sites. Second, the comparable VTI values might be
explained by compensatory mechanisms in vessel diameter and flow dynamics. The carotid artery, though smaller
in diameter than the LVOT, may exhibit higher flow velocities due to its more peripheral location and narrower
lumen, resulting in VT values that numerically approximate LVOT measurements despite representing different
absolute flow volumes. This phenomenon would be consistent with the conservation of energy principles in
fluid dynamics. Third, in septic shock specifically, the characteristic vasodilation and altered vascular resistance
may create more homogeneous flow patterns throughout the arterial tree compared to other hemodynamic
states, potentially contributing to the similarity in VTT measurements between these anatomically distinct sites.
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Parameters Septic shock patients who underwent cardiac output measurement (N=40)
Age (year)* 67.79 (15.44)

‘Women, % 23 (58.97)

Lactate (mg/dL)** 17.9 (12.7,33.8)

SOFA** 5(4,7)

Body weight (kilograms)**

49.5 (45, 57.5)

Height (centimeters)**

156.5 (150.5, 164)

Body mass index**

20.39 (18.37,22.74)

Medical history, %

Hypertension 25 (62.5)
Diabetes mellitus 15 (37.5)
Coronary artery disease 10 (25)
Chronic kidney disease 7 (17.5)
Chronic obstructive pulmonary disease 7 (17.5)
Malignancy 8 (20)
Immunocompromised status 7 (17.5)
Previous stroke 5(12.5)
Heart failure 10 (25)
Liver disease 9 (22.5)
Vital signs

Body temperature (Celsius)* 38.06 (1.13)
Pulse rate (time per minute)* 97.41 (16.26)
Respiratory rate (time per minute)** 24 (22,28)
Systolic blood pressure (mmHg)** 84 (79, 89)
Diastolic blood pressure (mmHg)* 46.77 (5.58)
Mean arterial pressure (mmHg)** 60 (56, 63)
Oxygen saturation (%)** 96 (94, 99)
Sources of sepsis, %

Pneumonia 14 (35)
Urinary tract infection 10 (25)
Intra-abdominal infection 7 (17.5)
Skin and soft tissue infection 5(12.5)
Unidentified 4(1)

LVOT

Diameter (centimeters)* 1.78 (0.25)
Area (cm?)** 2.53 (2.11, 3.10)
VTI (centimeters)* 22.98 (4.95)

Stroke volume (ml) **

57.13 (44.71, 69.72)

Heart rate (time per minute)**

98.5 (88, 102.5)

Cardiac output (liters per minute)**

5.329 (4.110, 6.793)

Carotid artery

Diameter (centimeters)* 0.71 (0.08)

Area (cm?)* 0.40 (0.09)

VTI (centimeters)** 23.30(20.99, 26.33)
Stroke volume (ml) * 9.25(2.54)

Heart rate (time per minutes)** 98 (85.5, 103)
Carotid artery blood flow (liters per minute)* | 0.855 (0.235)

Table 1. Demographic parameters of participants (N=40). SDstandard deviation, IQR interquartile range,
SOFA the sequential organ failure assessment score, mmHgmillimeters of mercury, LVOT left ventricular
outflow tract, cm? square centimetre, VT velocity time integral, m/milliliter. *Data expressed as mean and

standard deviation. **Data expressed as median and interquartile range.

Finally, it is important to note that while the VTI values are numerically similar, the Bland-Altman analysis
revealed wide limits of agreement (-10.51 to 9.58), indicating substantial variability in individual measurements
despite the small overall bias. This suggests that while population means are comparable, individual patient

measurements still demonstrate meaningful differences between techniques.
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Difference of VTI (cm) between LVOT and Carotid artery

10

'

-

o
A

‘ Estimate ‘ 95% CI p-value
Bland-Altman agreement
Bias -0.47 -211,1.17
Lower limit of agreement —10.51 —13.35,-7.67 0.583
Upper limit of agreement 9.58 6.74,12.42
Lin’s concordance correlation coefficient 0.527 0.300, 0.753 | <0.001
Intraclass correlation coefficient—absolute agreement 0.695 0.423,0.839 | <0.001
Intraclass correlation coefficient—consistency of agreement 0.692 0.417,0.837 | <0.001

Table 2. Measurement of agreement between LVOT V'TT and carotid VTI. LVOT left ventricular outflow tract,

VTIvelocity time integral.

Bland-Altman Agreement

10

Average of VTI (cm) between LVOT and Carotid artery

Fig. 2. Measurement of agreement by Bland-Altman analysis.

The analysis of results utilizing the regression equation model (y= carotid artery blood flow * m + k) revealed
the mean cardiac output calculated by the standard LVOT VTI method was 5.329 L/min, whereas the mean
carotid artery blood flow was 0.855 L/min. When applying our derived regression equation (y=carotid artery
blood flow * 1.92 + 0.57) to estimate cardiac output from carotid measurements, we observed moderate correlation
with LVOT-derived values (r=0.68, p<0.001) with minimal bias (-0.04 L/min). However, wide variability of
Bland-Altman and high percentage error (87.4%) between methods suggesting the regression approach may
be unreliable for clinical decision-making in septic shock patients, where pathophysiologic factors like altered
vascular compliance and blood flow redistribution influence measurements. Despite these limitations, carotid
assessments offer non-invasive, rapid alternatives when LVOT measurements are unfeasible. The physiological
relationship between carotid flow and CO exists, but significant individual variability limits acute application.

An important finding in our study relates to the feasibility of obtaining cardiac output measurements via the
LVOT compared to the carotid artery. Out of the 69 patients screened for eligibility, four patients (5.7%) were
excluded from the study solely because it was impossible to obtain an adequate cardiac output measurement via
the LVOT, despite successful assessment through the carotid artery. The relatively small, yet clinically significant,
proportion (5.7%) of patients in whom LVOT acquisition was unsuccessful, while carotid measurements were
feasible, underscores the practical limitations of LVOT-based techniques in real-world emergency and critical
care settings. These limitations are particularly relevant in patients with narrow intercostal spaces, obesity,
pulmonary disease, or other factors that may obscure cardiac windows—conditions which are not uncommon in
the septic shock or general critically ill population. In resource-limited settings, or in situations where obtaining
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high-quality cardiac echocardiographic images is challenging, carotid doppler measurement may serve as an
alternative for at least partial hemodynamic assessment. While the main findings of our study caution against
interchangeability between methods for precise cardiac output quantification, the ability to obtain any real-time
hemodynamic information in these otherwise difficult cases may aid clinical decision-making, help monitor
trends, or prompt further investigation.

The use of ultrasound for assessing patients in shock is increasingly recognized as the standard of care in
emergency and critical care settings worldwide. This study reinforces the utility of ultrasound for emergency
physicians who frequently manage septic shock patients. However, our findings suggest that carotid artery
ultrasound, despite its potential advantages in terms of accessibility and ease of imaging, cannot reliably substitute
for LVOT measurements in clinical decision-making for individual patients. Additionally, prior research has
incorporated common carotid artery assessment into shock evaluation protocols, such as the Rapid Ultrasound
in Shock (RUSH) velocity time integral protocol®!. However, its adoption in clinical practice remains limited.

Limitations

This study has several limitations: (1) The research was conducted at a single center with a limited number of
participants, which may restrict the generalizability of the findings to other healthcare settings with different
patient demographics and clinical practices, (2) Our study evaluated both methods through isolated static
measurements. The study design did not evaluate the ability of carotid VTI to track changes in cardiac output
during fluid challenges or passive leg raising tests, which is the more clinically relevant application. The research
did not evaluate the clinical implications of utilizing carotid artery measurements to direct fluid therapy. Future
investigations should evaluate whether this approach improves patient outcomes, including morbidity and
mortality, (3) We did not systematically test and compare measurements between both sides of common carotid
arteriesin each participant, which may affect the consistency of measurements. This raises questions about whether
one side consistently yields measurements that correlate more effectively with LVOT VTI, as well as potential
anatomical or pathological factors such as sedation, which may induce vasodilation and modify cerebral blood
flow autoregulation. Additionally, seizures can significantly elevate cerebral perfusion demands, while sepsis may
alter autonomic tone and vascular responsiveness, potentially affecting the accuracy of measurements on either
side, (4) Our primary analysis concentrated on agreement metrics; future studies specifically designed to develop
predictive models between these measurement techniques would be advantageous, (5) Our study collected data
only after achieving target blood pressure parameters (MAP > 65 mmHg) which may not be generalizable to the
assessment of cardiac output in septic shock patients during their most hypotensive state, which is precisely when
such measurements might have the greatest clinical utility, (6) Cerebral autoregulation mechanisms maintain
relatively constant cerebral blood flow despite changes in systemic hemodynamics. Various conditions including
traumatic brain injury, stroke, intracranial hypertension, and certain medications can impair this autoregulation,
potentially altering the relationship between carotid flow and cardiac output. We did not systematically assess
for or control these variables, which may have contributed to measurement, and (7) We did not assess the inter-
operator and intra-operator variability of carotid and LVOT measurements. Quantifying this variability would
have provided important information about the reproducibility and reliability of both measurement techniques
in the emergency department setting, particularly for the carotid measurements which are being evaluated as a
potential alternative to LVOT assessments. Future studies should include systematic assessment of measurement
reliability across different operators and within the same operator over repeated measurements, especially when
evaluating novel techniques for hemodynamic monitoring in critically ill patients.

Conclusions

This study exhibited a moderate agreement between cardiac output measurements derived from LVOT VTI
and the common carotid artery; however, the wide limits of agreement suggest caution in using these methods
interchangeably in clinical decision-making for individual patients. This degree of consensus does not endorse
carotid artery Doppler ultrasound as a direct substitute for LVOT echocardiography. Further research involving
larger cohorts is necessary to ascertain whether this technique can be enhanced to attain greater agreement with
established methods.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request”.
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