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Editor:

A recent investigation by Cheong and colleagues should 
pique the interest of all clinicians who employ sonography 
during resuscitation [1]. In their report, a novel method 
of measuring the left common carotid artery, maximum 
velocity time integral  (VTIMAX-CA) was described and its 
value was related to the left ventricular outflow tract VTI 
 (VTILVOT). Absolute VTI measurements (in centimeters) 
were made in critically-ill patients, though the population 
studied was relatively stable, seemingly not on vasoactive 
medications and with normal cardiac function. Importantly, 
there was no provocative (i.e., dynamic) maneuver carried 
out during their investigation.

As anticipated, Cheong and colleagues observed a 
stronger relationship between total (i.e., systolic plus dias-
tolic)  VTIMAX-CA and  VTILVOT than between only the sys-
tolic portion of the  VTIMAX-CA and the  VTILVOT. Of most 
interest, however, was the near parity between  VTIMAX-CA 
and  VTILVOT in absolute value. Based on their regression 
equation, the  VTIMAX-CA overestimated the  VTILVOT less 
than 10%. Considering why this might be so elaborates some 
caveats to their approach.

1  The maximum‑to‑centroid velocity ratio

What escapes some clinical sonographers is that the VTI of 
hemodynamic interest is not the maximum VTI, but rather 
the ‘centroid’ VTI  (VTICENT). The centroid velocity is a 
‘power weighted,’ average velocity across the vessel lumen 
[2–4]. Importantly, the relationship between  VTICENT and 

the maximum VTI  (VTIMAX) depends upon the velocity pro-
file within the vessel [2, 3]. In ‘plug flow’ conditions (e.g., 
LVOT, ascending aorta), the velocity profile is flat such that 
maximum and centroid velocities are nearly identical [5]. 
Accordingly, the maximum-to-centroid ratio is roughly 1.0 
at the LVOT. By contrast, ‘parabolic flow’ is characterized 
by a maximum velocity double that of the centroid veloc-
ity (i.e., a max-to-centroid ratio of 2.0) [2]. This occurs in 
smaller-diameter vessels where the centerline red blood cell 
(RBC) velocity is greatest and there is progressive slowing 
of the RBCs towards the lumen periphery; however, few 
vessels in the body are characterized by fully-developed, 
parabolic flow [5]. The velocity profile of the carotid artery, 
for instance, is characterized as ‘blunted parabolic,’ with a 
max-to-centroid ratio approximately mid-way between 1.0 
and 2.0 [4]. Given the above, we can express the following 
relationship as Eq. (1).

where K = 1.0 in plug flow; K = 2.0 in parabolic flow and K 
≈ 1.5 in blunted parabolic flow.

Using the wireless, wearable Doppler system developed 
by our group [6–10], we have observed that in resting, 
healthy volunteers, the common carotid artery max-to-cen-
troid ratio falls between 1.5 and 1.7 over the entire cardiac 
cycle. Thus, for simplicity we assume that the  VTIMAX-CA is 
1.6 times the carotid artery centroid VTI  (VTICENT-CA); that 
is, K = 1.6 and we express Eq. (2):

Furthermore, we assume that the velocity profile in the 
left ventricular outflow tract is plug; thus, Eq. 3:

In other words, the LVOT maximal velocity is used inter-
changeably with the LVOT centroid velocity.

(1)K =

VTI
MAX

VTI
CENT

(2)VTI
MAX−CA

= 1.6 × VTI
CENT−CA

.

(3)VTI
MAX−LVOT

= 1.0 × VTI
CENT−LVOT

.
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2  Relationship between LVOT and carotid 
artery VTI

The stroke volume (in mL or  cm3) is calculated with ultra-
sound by multiplying the cross-sectional area (CSA) of the 
LVOT (in  cm2) by the  VTILVOT (in cm) (Eq. 4) [11]:

The volume of the SV that moves up a carotid artery, 
the carotid beat volume (CBV), can be generally expressed 
as the fraction of the SV distributed to one carotid artery 
 (CAFLOWFRAC ). The CBV can also be calculated analogously 
to the SV, by multiplying the CSA of the carotid artery 
 (CSACA) by the  VTICENT-CA. Therefore, we arrive at Eq. (5):

By substituting Eq. (4) (for SV) into Eq. (5) above, and 
rearranging, we arrive at Eq. (6):

And finally, to convert  VTICENT-CA to  VTIMAX-CA, which 
was the measurement obtained by Cheong and colleagues, 
we derive Eq. (7):

where K = 1.6

3  Clinical implications

To make this more concrete, we might consider plug-
ging in some typical anthropometric values into Eq. (7). 
For example, if typical  CSALVOT [12] and  CSACA [13] 
values are 3.6  cm2 and 0.36  cm2, respectively, then the 
 CSALVOT-to-CSACA ratio is roughly 10. Curiously, a 
reasonable approximation of the  CAFLOWFRAC  is 0.10 
[14], meaning that the  CSALVOT-to-CSACA ratio and 
 CAFLOWFRAC  reduce to 1.0. Nevertheless, as detailed 
above, the maximum velocity in the carotid artery is 
greater than its centroid; thus, we expect the  VTIMAX-CA 
to be greater than the  VTILVOT as a function of the velocity 
profile (i.e., K = 1.6). One speculative explanation for the 
very slight overestimation observed by Cheong and col-
leagues is their novel method of insonating the left carotid 
artery. They ‘looked down’ from the supraclavicular fossa 
and may have insonated near the bifurcation of the left 
common carotid artery from the aortic arch. Velocity pro-
files at sharp bifurcations behave in complicated ways [2], 
but the profile can be flat near the origin, especially if the 

(4)SV = CSA
LVOT

× VTI
LVOT

.

(5)CBV = CSA
CA

× VTI
CENT−CA

= CA
FLOWFRAC

× SV .

(6)VTI
CENT−CA

=

CSA
LVOT

CSA
CA

× CA
FLOWFRAC

× VTI
LVOT

(7)

VTI
MAX−CA

= K ×

[

CSA
LVOT

CSA
CA

× CA
FLOWFRAC

× VTI
LVOT

]

mother vessel is large like the aorta. The profile in the 
smaller vessel then evolves a parabolic morphology only 
after a distance known as the ‘entrance length,’ which is 
estimated as roughly 10 cm for the carotid arteries [2]. 
Thus, insonating near the origin of the left carotid artery 
may have reduced K towards a ‘plug’ profile value (i.e., 
K = 1.1 or 1.2) which would make the  VTIMAX-CA closer 
in absolute value to the  VTILVOT.

Regardless of the above, the clinical implications of 
Eq. (7) are probably greater for something Cheong et al. did 
not do, that is, perform a hemodynamic intervention. When 
doing so, the clinician is typically trying to infer change in 
the  VTILVOT via the  VTIMAX-CA We see, however, that two 
variables in particular (i.e., the  CSACA, and  CAFLOWFRAC ) 
may co-vary during an intervention and thus dissociate the 
 VTIMAX-CA from the  VTILVOT.

First, with provision of intravenous fluid, the  CSACA can 
increase [15]. This may be especially important in hypoten-
sive patients in whom increased in mean arterial pressure 
affects relatively large vessel distension [16]. Per Eq. (7), 
augmented  CSACA causes the  VTIMAX-CA to underestimate 
the  VTILVOT.

Second, an intervention that also changes the  CAFLOWFRAC  
would also cause  VTIMAX-CA to diverge from the  VTILVOT. 
Fundamentally, the  CAFLOWFRAC  is directly proportional to 
the ratio of whole-body-to-head vascular impedance [6]. 
For example, lowering body-to-head impedance dimin-
ishes  CAFLOWFRAC . An illustration of this is exercise, where 
muscles vasodilate and ‘siphon’ blood away from the head. 
This was shown in the study of Sato and colleagues where 
baseline  CAFLOWFRAC  was about 0.14 and fell to about 0.06 
at peak exercise [17]. Ostensibly, inodilators have a simi-
lar effect; per Eq. (7), when  CAFLOWFRAC  falls,  VTIMAX-CA 
underestimates  VTILVOT. On the other hand, increased body-
to-head vascular impedance raises  CAFLOWFRAC  and causes 
the  VTIMAX-CA to overestimate  VTILVOT. Catecholamines, 
which preferentially vasoconstrict ‘non-essential’ blood flow 
to maintain brain and coronary perfusion have this effect. 
This was recently observed by Kim and colleagues where 
carotid blood flow increased relative to cardiac output in 
response to norepinephrine [18]. Though catecholamines 
are the most commonly employed intervention that raises 
body-to-head impedance, mechanical therapies such as 
resuscitative endovascular balloon occlusion of the aorta 
(i.e., REBOA) and intra-aortic counter-pulsation would have 
similar hemodynamic effects.

Finally, within Eq. (7) we can reasonably assume con-
stancy of the  CSALVOT during most interventions, though 
the value of K, in theory, might decrease with  CSACA. This 
is because the Womersley equation predicts flatter velocity 
profiles (i.e., decreasing K) with increasing vessel diameter 
[19]. Thus, carotid artery vessel distention has multiple 
mechanisms by which  VTIMAX-CA underestimates  VTILVOT.
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In summary, Cheong and colleagues are to be congrat-
ulated for their impressive clinical work and their novel 
approach to carotid insonation. As shown in Eq. 7, there 
is a direct relationship between  VTILVOT and  VTIMAX-CA. 
However, vessel distension,  CAFLOWFRAC  and velocity pro-
file will mediate this link and these covariates may be espe-
cially important during hemodynamic interventions where 
the clinician performs pre-post VTI calculations. Further-
more, the framework discussed above could be applied to 
peripheral arteries other than the carotid. Novel means to 
infer real-time vessel diameter, body-to-head impedance and 
velocity profile will better model the association between 
the left ventricle and common carotid artery, especially in 
conjunction with other Doppler measures such as the cor-
rected flow time [6].

Author contributions JESK is entirely responsible for the entirety of 
this submission.

Funding Not applicable.

Availability of data and materials Not applicable.

Declarations 

Competing interests Dr. Kenny is the co-founder and chief medical 
officer of Flosonics Medical, a wearable point of care ultrasound com-
pany in Toronto, Canada.

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Cheong I, Otero Castro V, Sosa FA, Tort Oribe B, Merlo PM, 
Tamagnone FM. Carotid flow as a surrogate of the left ventricular 
stroke volume. J Clin Monit Comput. 2022. https:// doi. org/ 10. 
1007/ s10877- 022- 00938-7.

 2. Evans DH. On the measurement of the mean velocity of blood 
flow over the cardiac cycle using Doppler ultrasound. Ultrasound 
Med Biol. 1985;11:735–41.

 3. Nelson T, Pretorius D. The Doppler signal: where does it come 
from and what does it mean? Am J Roentgenol. 1988;151:439–47.

 4. Blanco P. Volumetric blood flow measurement using Dop-
pler ultrasound: concerns about the technique. J Ultrasound. 
2015;18:201–4.

 5. Gill RW. Measurement of blood flow by ultrasound: accuracy and 
sources of error. Ultrasound Med Biol. 1985;11:625–41.

 6. Kenny J-ÉS, Barjaktarevic I, Mackenzie DC, Elfarnawany M, 
Yang Z, Eibl AM, Eibl JK, Kim C-H, Johnson BD. Carotid 
artery velocity time integral and corrected flow time measured 
by a wearable Doppler ultrasound detect stroke volume rise from 
simulated hemorrhage to transfusion. BMC Res Notes. 2022;15:7.

 7. Kenny J-ÉS, Barjaktarevic I, Mackenzie DC, Elfarnawany M, 
Yang Z, Eibl AM, Eibl JK, Kim C-H, Johnson BD. Carotid Dop-
pler ultrasonography correlates with stroke volume in a human 
model of hypovolaemia and resuscitation: analysis of 48 570 car-
diac cycles. Br J Anaesth. 2021;127:e60–3.

 8. Kenny J-ÉS, Munding CE, Eibl JK, Eibl AM, Long BF, Boyes A, 
Yin J, Verrecchia P, Parrotta M, Gatzke R. A novel, hands-free 
ultrasound patch for continuous monitoring of quantitative Dop-
pler in the carotid artery. Sci Rep. 2021;11:1–11.

 9. Kenny J-ÉS. Functional hemodynamic monitoring with a wireless 
ultrasound patch. J Cardiothorac Vasc Anesth. 2021;35:1509–15.

 10. Kenny J-ÉS, Munding CE, Eibl AM, Eibl JK. Wearable ultrasound 
and provocative hemodynamics: a view of the future. Crit Care. 
2022;26:329.

 11. Blanco P. Rationale for using the velocity–time integral and the 
minute distance for assessing the stroke volume and cardiac output 
in point-of-care settings. Ultrasound J. 2020;12:1–9.

 12. Leye M, Brochet E, Lepage L, Cueff C, Boutron I, Detaint D, 
Hyafil F, Iung B, Vahanian A, Messika-Zeitoun D. Size-adjusted 
left ventricular outflow tract diameter reference values: a safe-
guard for the evaluation of the severity of aortic stenosis. J Am 
Soc Echocardiogr. 2009;22:445–51.

 13. Yazici B, Erdogmus B, Tugay A. Cerebral blood flow meas-
urements of the extracranial carotid and vertebral arteries with 
Doppler ultrasonography in healthy adults. Diagn Interv Radiol. 
2005;11:195.

 14. Gassner M, Killu K, Bauman Z, Coba V, Rosso K, Blyden D. 
Feasibility of common carotid artery point of care ultrasound in 
cardiac output measurements compared to invasive methods. J 
Ultrasound. 2015;18:127–33.

 15. Hilbert T, Klaschik S, Ellerkmann RK, Putensen C, Thudium M. 
Common carotid artery diameter responds to intravenous volume 
expansion: an ultrasound observation. Springerplus. 2016;5:853.

 16. Hansen F, Mangell P, Sonesson B, Länne T. Diameter and compli-
ance in the human common carotid artery—variations with age 
and sex. Ultrasound Med Biol. 1995;21:1–9.

 17. Sato K, Ogoh S, Hirasawa A, Oue A, Sadamoto T. The distribution 
of blood flow in the carotid and vertebral arteries during dynamic 
exercise in humans. J Physiol. 2011;589:2847–56.

 18. Kim SG, Jo IJ, Kang SY, Yoo J, Lee G, Park JE, Kim T, Hwang 
SY, Cha WC, Shin TG, Han H, Yoon H. The effect of norepineph-
rine on common carotid artery blood flow in septic shock patients. 
Sci Rep. 2021;11:16763.

 19. Womersley J. The mathematical analysis of the arterial circulation 
in a state of oscillatory motion. 1957; Wright Air Development 
Center Technical Report WADC-TR-56-614

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10877-022-00938-7
https://doi.org/10.1007/s10877-022-00938-7

	A theoretical foundation for relating the velocity time integrals of the left ventricular outflow tract and common carotid artery
	1 The maximum-to-centroid velocity ratio
	2 Relationship between LVOT and carotid artery VTI
	3 Clinical implications
	References




