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OBJECTIVE: Measuring fluid responsiveness is important in the management of 
critically ill patients, with a 10–15% change in cardiac output typically being used 
to indicate “fluid responsiveness.” Ideally, these changes would be measured non-
invasively and peripherally. The aim of this study was to determine how the com-
mon carotid artery (CCA) maximum velocity changes with total circulatory flow 
when confounding factors are mitigated and determine a value for CCA maximum 
velocity corresponding to a 10% change in total circulatory flow.

DESIGN: Prospective observational pilot study.

SETTING: Patients undergoing elective, on-pump coronary artery bypass graft-
ing (CABG) surgery.

PATIENTS: Fourteen patients were referred for elective coronary artery bypass 
grafting surgery.

INTERVENTIONS: Cardiopulmonary bypass (CPB) pump flow changes during 
surgery, as chosen by the perfusionist.

MEASUREMENTS: A hands-free, wearable Doppler patch was used for CCA 
velocity measurements with the aim of preventing user errors in ultrasound mea-
surements. Maximum CCA velocity was determined from the spectrogram ac-
quired by the Doppler patch. CPB flow rates were recorded as displayed on the 
CPB console, and further measured from the peristaltic pulsation frequency vis-
ible on the recorded Doppler spectrograms.

MAIN RESULTS: Changes in CCA maximum velocity tracked well with changes 
in CPB flow. On average, a 13.6% change in CCA maximum velocity was found 
to correspond to a 10% change in CPB flow rate.

CONCLUSIONS: Changes in CCA velocity may be a useful surrogate for deter-
mining fluid responsiveness when user error can be mitigated.

KEY WORDS: cardiopulmonary bypass; carotid arteries; Doppler ultrasound; 
Fluid responsiveness; hemodynamic monitoring; wearable technology

Assessing preload responsiveness is important when managing cardiac 
surgery patients (1). Typically, a 10–15% change in stroke volume 
(SV∆) is used as a reference standard to determine whether the heart is 

“preload responsive” (2). However, some authorities recommend change in car-
diac output (3). Regardless, how this change at the left ventricular outflow tract 
translates to a surrogate at the common carotid artery (CCA) is a relatively new 
field of study with broad implications for cardiology and critical care.

Using SV∆ as the reference standard, we have previously observed that a 
15–18% change in the CCA velocity time integral accurately detects a 10% SV∆ 
in healthy volunteers undergoing central hypovolemia and simulated blood 
transfusion (4, 5) and in a case study of two patients undergoing coronary 
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artery bypass grafting (CABG) with native cardiac 
function (6). As a subanalysis of the ongoing com-
parison between the carotid Doppler signal and SV∆ 
in elective CABG patients (6), we sought to delineate 
the relationship between changes in total circulatory 
flow and CCA velocity by comparing known changes 
in cardiopulmonary bypass (CPB) flow rate to those 
measured by a wireless, wearable Doppler ultrasound 
patch placed over the CCA.

The results of this study were presented at the 2022 
American Heart Association Scientific Sessions in 
Chicago, IL (7).

MATERIALS AND METHODS

A convenience sample of 14 adult patients undergoing 
elective CABG was analyzed as part of a larger study. 
Patient characteristics are shown in Table 1. Written and 
informed consent was obtained for all subjects and the 
study was reviewed and approved by the Health Sciences 
North Research Ethics Board (REB# 20-023; Title: The 
relationship between changes in stroke volume and ca-
rotid blood flow during perioperative coronary artery 
bypass grafting; September 15, 2020). The study was 
conducted in accordance with the statement outlined in 
(8), and with the Helsinki Declaration of 1975.

Anesthesia was induced with 0.5 mg/kg propofol, 
1.2 mg/kg rocuronium, and 1.0 μg/kg sufentanil and 

maintained with sevoflurane of 0.5–0.7 minimum 
alveolar concentration. Continuous IV infusions 
of both 3 mL/kg/h saline and 0.2 μg/kg sufentanil 
were maintained throughout the study. All patients 
were ventilated with the following baseline set-
tings: tidal volume 8 mL/kg, respiratory rate 15 
breaths per minute, positive end-expiratory pres-
sure 5 cm H2o.

A wearable, wireless, U.S. Food and Drug 
Administration-cleared, continuous wave 4 MHz 
Doppler ultrasound patch was placed over the CCA 
(Fig. 1A; Flosonics Medical, Sudbury, ON, Canada). 
Adhesive straps fix the transducer angle relative to ca-
rotid blood flow. While on CPB intraoperatively, at 
least two changes in blood flow (one negative, one pos-
itive) were made. These changes were made at the dis-
cretion of the perfusionist. Occlusivity was assumed to 
be negligible. The blood flow information measured by 
the Doppler patch was displayed as a spectrogram on 
a tablet to facilitate patch placement and ensure signal 
quality, and later transmitted to a cloud-based data-
base for postprocessing.

TABLE 1.
Patient Characteristics (n = 14)

Absolute value ± sd

  Age (yr) 65.6 ± 9.6 

  Weight (kg) 97.4 ± 17.9

  Height (cm) 170.6 ± 8.8

 Body-mass index (kg/m2) 33.5 ± 5.7

 Ejection Fraction (%) 55.3 ± 6.5

Absolute value (%)

  Sex (female) 2 (14.3)

  Hypertension 13 (92.9)

  Myocardial infarction 10 (71.4)

  Current/previous tobacco use 8 (57.1)

  Diabetes 8 (57.1)

  Obesity (body mass index > 30) 7 (50)

Preoperative drugs, absolute value (%)

  β-blockers 7 (50)

Angiotensin-converting enzyme inhibitors/
Angiotensin receptor blockers

11 (78.6)

  Neprilysin inhibitor 0 (0)

  Diuretics 5 (35.7)

  Vasodilators 5 (35.7)

 
KEY POINTS

Question: How does common carotid artery 
(CCA) maximum velocity change with total circu-
latory flow?

Findings: CCA maximum velocity was measured 
using a hands-free Doppler patch in coronary by-
pass surgery patients undergoing cardiopulmo-
nary bypass pump flow changes. Changes in 
maximum CCA velocity tracked well with pump 
flow changes. A mean CCA maximum velocity 
change of 13.6% was found to correspond to a 
10% change in pump flow.

Meaning: CCA maximum velocity changes meas-
ured by Doppler ultrasound track well with total 
circulatory flow changes when user error is mini-
mized. A 13.6% CCA maximum velocity change 
suggests a 10% change in total circulatory flow.
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We simultaneously measured known changes in CPB 
pump speed (i.e., total circulatory flow) and CCA ve-
locity using the wireless, wearable Doppler ultrasound 
system. CPB flow changes were determined from the 
displayed spectrogram by the change in peristaltic pul-
sation duration, since the pump flow rate is directly 
proportional to the frequency of peristaltic pulsations 
(i.e., rotations of the pump head), and these pulsations 
were readily visible in the recorded spectrograms. An 
example is shown in Figure 1B, where the frequency of 
pulsations (indicated by blue arrows) decreases with a 
decrease in flow rate. To ensure correctness, CPB flow 
rates as shown on the console were also recorded as a 
check of the spectrogram-derived CPB pump flow rate 
change. CCA velocity changes were calculated from 
the averaged automated maximum velocity trace (Fig. 
1B, green trace). Five to ten seconds windows pre-CPB 
and post-CPB speed changes were selected, each with 
sufficient signal quality to determine both relative CPB 
flow and CCA velocity, in which the mean of the max-
imum CCA velocity and CBP flow were calculated. In 
addition to the two or more observed flow changes, 
two datapoints were inferred for each subject, namely: 
1) in the absence of CBP flow, CCA velocity would 
be zero (i.e., –100% and –100% change, respectively), 
and 2) if no change in CBP flow occurred no change 
in CCA velocity would be expected (i.e., 0% and 0% 
change, respectively). A nonlinear “dose-response” 
curve using the Michaelis–Menten equation was fit-
ted to the relative changes in flow and velocity for each 
subject, and the CCA velocity changes corresponding 

to a 10% change in CPB flow were calculated. An ex-
ample of a single subject is shown in Figure 1C.

RESULTS AND DISCUSSION

The characteristics of the patients studied are shown 
in Table  1. CPB flow ranged from 0.5 to 6.3 L/min. 
Mean relative flow changes were –66% and 323%, cor-
responding to mean CCA velocity changes of –46% 
and 109%. Among all subjects, a mean CCA velocity 
change of 13.6% was found to correspond to 10% CPB 
flow change, ranging from 1.5 to 27.8%.

CCA velocity measured with the wearable Doppler 
patch successfully tracked changes in CPB flow. We 
observed that a CCA velocity change of 13.6% intimates 
a 10% change in total circulatory flow as a surrogate for 
cardiac output. This observation is consistent with our 
previous work in healthy volunteers undergoing pre-
load reduction and augmentation via various means 
(4, 5). Although others have found only moderate cor-
relation between changing cardiac output and carotid 
blood flow (9, 10), the current paradigm mitigates 
some sources of error. Specifically, affixing the Doppler 
patch to the neck of a paralyzed patient limits measure-
ment variability caused by 1) human factors (e.g., angle 
of insonation, Doppler gate placement) and 2) physi-
ological factors (e.g., hemodynamic variation induced 
by the respiratory cycle). For example, we have shown 
that hand-held studies typically sample too few cardiac 
cycles to detect change with statistical confidence be-
cause of respiratory cycle variation (11). Further, our 

Figure 1. Using the Doppler patch to compare changes in common carotid artery (CCA) velocity to changes in cardiopulmonary 
bypass (CPB) pump flow rate. A, CW Doppler patch in place over CCA. B, Displayed spectrogram during a change in flow rate, showing 
maximum CCA velocity trace (green line) and CPB pump pulsations (blue arrows). C, Dose-response curve (black line) fitted to changes 
in CPB pump flow and corresponding changes in CCA maximum velocity for a single subject. (i) Inferred point representing zero flow, (ii) 
negative CPB pump flow change, (iii) baseline CPB pump flow and baseline CCA maximum velocity, (iv) positive CPB pump flow change. 
The red points indicate the overall mean CCA velocity change for each of the time windows, while the black points show the variability of 
each 0.5 s segment of the corresponding windows. The change in CCA velocity corresponding to a 10% change in CPB pump flow was 
determined from the equation of the dose-response curve to be 8.5% with a 95% CI of (5.0–12.0%).
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chosen gold standard is also largely free from meas-
urement error as CPB pump speed was known and di-
rectly observed in the Doppler spectra (Fig. 1B). Thus, 
we instantaneously synchronized change in the refer-
ence standard with the carotid signal. This is in distinc-
tion to other reference standards where there can be 
clinically significant algorithm lag (12). Indeed, classi-
cal transpulmonary thermodilution does not have the 
temporal resolution needed to assess preload respon-
siveness (13).

We could not quantify carotid diameter during 
pump speed change, therefore, CCA flow (mL/min) 
was not calculated. We suspect that the “bend” of the 
total circulatory flow-carotid velocity curve that we 
observed (Fig. 1C) could be due to carotid artery dis-
tention. In other words, departure of the carotid ar-
tery velocity curve from the line of identity may be 
driven by changing carotid artery area. We note that 
most of the common carotid blood flow moves up 
the internal carotid, which is subject to autoregula-
tion. Accordingly, while there is a direct relationship 
between left ventricular outflow tract and CCA flow, 
this is mediated by changing body-to-head impedance 
(e.g., downstream autoregulation) (14). Nevertheless, 
others have found that SV∆ is correlated with changing 
internal carotid blood flow (15, 16). Thus, autoregu-
lation does not completely abolish changes in cardiac 
output from being expressed in the carotid artery.

CONCLUSIONS

Changing carotid artery velocity accurately tracks 
changing cardiac output when the Doppler insonation 
angle is constant, human factors are mitigated, and 
when the gold standard is accurate and measured in-
stantly with carotid artery velocity. These results sup-
port that carotid Doppler can be used as a “window” to 
the left ventricle during cardiac bypass.
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