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Purpose: This study investigated the correlations of hemodynamic parameters measured to quantify 
stenosis between the gold-standard duplex ultrasonography and the dual-gate Doppler mode.
Methods: Patients examined due to suspicion of carotid artery stenosis or for surveillance 
of known stenosis were invited to participate in this prospective single-center study. Upon 
acceptance, the hemodynamic characteristics of the carotid arteries were determined successively 
in standard duplex and dual-gate Doppler modes. The correlations between the two modes 
were analyzed by computing Pearson coefficients (r2) and Lin concordance coefficients (ρc). The 
degree of agreement between the two methods was visualized using Bland-Altman graphical 
representations. 
Results: The correlation between internal carotid artery peak systolic velocity measured by standard 
duplex ultrasonography and dual-gate Doppler mode was good (r2=0.642). The same high level 
of correlation was observed for the carotid ratio (r2=0.544). However, the Bland-Altman graphical 
representation and the Lin concordance coefficients (ρc=0.75 and ρc=0.74 for the internal 
carotid artery peak systolic velocity and carotid ratio, respectively) showed that a lack of precision 
generated some discrepancies between the two measurement methods.
Conclusion: Although some discrepancies were observed, the hemodynamic measurements were 
closely correlated between the two ultrasonography modes. Therefore, the dual-gate Doppler 
mode may have obvious advantages over conventional ultrasonography, offering interesting 
development possibilities.

Keywords: Carotid arteries stenosis; Diagnostic method; Ultrasonography; Hemodynamics; 
Dual-gate Doppler

Key points: The dual-gate Doppler mode measurements of the internal carotid artery peak systolic 
velocity and carotid ratio were closely correlated to the measurements made using conventional 
duplex ultrasonography. The dual-gate Doppler mode may offer interesting possibilities for the 
diagnosis of carotid artery stenosis.
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Introduction

With the global aging of the population and the subsequent 
increase in the number of cardiovascular events, the frequency of 
carotid artery stenosis (CAS) is steadily rising, with an estimated 
overall prevalence ranging from 1.7% to 12.5% depending on 
sex, age, and CAS severity [1]. Although most cases of moderate 
CAS remain asymptomatic and require only regular follow-up and 
preventive medication, severe stenosis of the internal carotid artery 
(ICA) can have dramatic consequences, ranging from ischemic stroke 
or transient ischemic attack to fatal stroke. Therefore, severe ICA 
stenosis (>70% of the artery lumen as determined following the 
recommendations of Sprynger et al. [2]), even if asymptomatic, is 
an indication for surgical intervention either by endarterectomy or 
stenting [3].

In recent guidelines [2], the European Society of Cardiology 
(ESC) recommended quantifying the percentage of ICA stenosis 
by a combination of the observations made in two major studies: 
the European Carotid Surgery Trial [4] and the North American 
Symptomatic Carotid Endarterectomy Trial [5]. This quantification 
relies on Duplex ultrasonography (DUS) determination of the 
peak systolic velocity (PSV) of both the ICA and common carotid 
artery (CCA), from which the ICA-to-CCA ratio of the PSV, 
namely the carotid ratio (CR), can be calculated. The take-home 
message of these guidelines is that stenosis should be considered 
hemodynamically significant when the ICA PSV >125 cm/s and 
CR >2.0. The degree of stenosis should be confirmed by computed 
tomography (CT) or magnetic resonance (MR) angiography, 
especially when a surgical intervention is foreseen [3]. According 
to these guidelines, DUS, which allows the flow velocity to be 
measured by combining pulsed-wave Doppler and ultrasonography 
(US), remains the gold standard for the first-line diagnosis and 
quantification of CAS. However, several technological improvements 
have been made available to vascular practitioners [6]. Color-DUS 
adds color-coded flow patterns that indicate flow direction and 
velocity in real time. Power Doppler color-codes the strength of the 
Doppler signals and is particularly well-adapted for the examination 
of small vessels and low-velocity flows due to its increased 
sensitivity. In some specific indications, contrast enhancement can 
be obtained through the use of ultrasound contrast agents, which 
mainly consist of encapsulated air bubbles [7]. eFlow (Hitachi, Tokyo, 
Japan) and B-flow (General Electric Healthcare, Chicago, IL, USA) are 
high-resolution imaging modes that enhance the quality of plaque 
examinations. Recently, the dual-gate Doppler (DGD) mode (Hitachi) 
has been developed and allows the simultaneous recording of two 
Doppler spectra, thereby enabling simultaneous flow analysis at two 
distinct locations (Fig. 1).

The DGD mode has been evaluated for several applications, 
including obstetric cardiology [8,9] and fetal vascular pathologies 
[10,11]. In adults, the DGD mode has been used in cardiology [12] 
and for transcranial Doppler [13-18]. However, to the best of the 
authors’ knowledge, the DGD mode has never been used to evaluate 
the hemodynamics of the carotid arteries. The hypothesis of this 
study was that a simultaneous measurement of flow velocities at the 
ICA and CCA would facilitate the diagnosis of CAS, a prerequisite 
of which is a high level of correlation between the measurements 
obtained using both methods. Therefore, the objective was to assess 
the correlation of ICA PSV and CR measurements between the gold-
standard DUS mode (two space- and time-separated reading points) 
and the DGD mode, which allows simultaneous measurements, in 
patients undergoing US examinations of the carotid arteries.

Materials and Methods

Compliance with Ethical Standards 
This study was conducted in accordance with the Declaration of 
Helsinki and approved by the Angers University Hospital ethics 
committee under the reference 49RC18-0247. Patients were 
informed that the results of their medical examinations would be 
used for research purposes and could exercise their right to disagree 
with such use. Therefore, according to local law, written informed 
consent was not required. 

Study Population
Data from all DUS examinations of carotid arteries performed at the 
Vascular Medicine Department of the authors’ University Hospital 
Center between June 2018 and September 2019 with an Arietta 
V70 ultrasound platform (Hitachi) equipped with the DGD mode 
were used in this study. In an attempt to be as close as possible 
to real-life conditions, none of these examinations were excluded 
from the statistical analysis (e.g., technically difficult DUS due to the 
presence of heavily calcified plaques). In total, there were 385 US 
examinations, corresponding to 656 carotid arteries (271 bilateral 
and 114 unilateral examinations) and 375 patients as carotid artery 
DUS was performed on two distinct occasions for 10 patients. The 
main characteristics of the studied population are described in Table 1.

Hemodynamic Parameters of the Carotid Arteries
The PSVs of the ICA and CCA, as well as the CR, were determined 
following the guidelines published in 2018 by the ESC [2]. 

Briefly, patients assumed a supine position in a temperature-
controlled room. The carotid arteries were first localized and 
examined for the presence of atherosclerosis plaques in B-mode with 
a 2-12 MHz linear probe. Thereafter, longitudinal sections of CCA 
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Fig. 1. Color-Duplex ultrasonography (DUS) versus dual-gate Doppler (DGD) measurements of carotid artery hemodynamic parameters. 
A. In the color-DUS gold-standard mode, two separate measurements of flow velocities, at the common carotid artery (CCA) and internal 
carotid artery (ICA), have to be performed. The ideal positioning of the ultrasound beam is shown by a dotted line. Typical Doppler pictures 
obtained in the presence of significant stenosis are given, using the CCA (left) and ICA (right) as examples. B. In DGD mode, only one 
recording is necessary to measure flow velocities in both the CCA and ICA since two Doppler angles can be independently adjusted to 
ensure a correct alignment with each blood flow. Thus, two Doppler spectra are visualized in real time. ECA, external carotid artery.
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For each patient, the two DUS methods were used consecutively 
on the same occasion. Most of the time (271 out of 385 exams), 
the carotid arteries were examined on both sides. Unilateral 
examinations of the carotid arteries were mostly performed for post-
surgical purposes.

Statistical Analyses
The values of the ICA PSV and CR obtained in standard DUS mode 
were plotted against those obtained in DGD mode, and Pearson 
correlation coefficients were calculated with the Prism v8.3.0 
software (GraphPad, San Diego, CA, USA). Bland-Altman graphical 
representations were constructed with the Prism v8.3.0 software by 
plotting the difference against the mean values of the ICA PSV and 
CR measured either in the DGD mode or in the standard DUS mode. 
Concordance correlation coefficients were computed according to the 
formula of Lin [19]. Significance was considered for P-values <0.05.

Results

Hemodynamic Measurements
The correlations between the measurements of ICA PSV and the 
calculation of CR between standard DUS and DGD mode were 
excellent (P<0.001) (Fig. 2A, B). These close correlations resulted in 
identical conclusions in 99.4% (652/656) of cases.

However, as a close correlation does not necessarily imply 
good agreement in widespread datasets [20], Bland-Altman 
graphical representations of the data were constructed. In these 
representations, for each point, the difference obtained between 
the two US methods was plotted against the mean value of either 
the CR or ICA PSV (Fig. 3A, B). Overall, for both hemodynamic 
parameters, the agreement between the two methods was good 
for values close to physiological conditions; only 15.2% of the ICA 
PSV measurements were outside the 95% confidence interval (CI) 
for values under the pathological threshold (<125 cm/s), and 3.6% 
of CR measurements were outside the 95% CI for values under the 
pathological threshold (<2). These proportions of values outside 
the 95% CI were higher for measurements above the pathological 
thresholds (46.1% and 84.6% for the ICA PSV and CR, respectively), 
suggesting potential discrepancies in the diagnosis of CAS between 
the two US methods. Remarkably, for the ICA PSV, a bias of 6.3 
cm·s-1 was observed in favor of the DGD mode, suggesting this 
velocity was overestimated as compared to the standard DUS mode 
(Fig. 3A).

The Bland-Altman graphical representations suggested 
discrepancies; however, the concordance correlation coefficients (ρc) 
were satisfactory for both the ICA PSV (ρc=0.75) and CR (ρc=0.74) 
[21]. According to the Lin formula [22], 82.3% and 99.1% of the 

and ICA were obtained and the flows were registered, separately 
in the standard mode or simultaneously in the DGD mode. As far as 
possible, the same angulations were kept between both DUS modes. 
The PSV and end-diastolic velocity (EDV) were manually calculated, 
while the resistance index and CR were automatically computed. 

Table 1. Study population characteristics
Characteristic Value (n=375)

Age (year) 62.1±15.3

Sex

Male 217 (57.9)

Female 158 (42.1)

Height (cm) 167.6±9.6

Weight (kg) 77.7±17.2

Body mass index (kg/m2) 27.6±5.6

Right arm systolic blood pressure (mmHg) 135.2±21.4

Right arm diastolic blood pressure (mmHg) 76.5±12.7

Left arm systolic blood pressure (mmHg) 134.9±20.9

Left arm diastolic blood pressure (mmHg) 76.6±12.7

Cardiovascular risk factors

High blood pressure 199 (53.1)

Dyslipidemia 155 (41.3)

Diabetes mellitus 95 (25.3)

Active smoking 51 (13.6)

Concomitant treatments

Antihypertensive drugs 208 (55.5)

Cholesterol-lowering drugs 162 (43.2)

Antiplatelet drugs 119 (31.7)

Antidiabetic drugs 83 (22.1)

History of cardiovascular events

Myocardial infarction 59 (15.7)

Stroke 73 (19.5)

Arterial revascularization 64 (17.1)

Indication for carotid artery DUSa)

Cardiovascular risk factor surveillance 207 (53.8)

Suspected/proven stroke/transient ischemic attack 76 (19.7)

Pre-/post-carotid surgery 45 (11.7)

Other 36 (9.3)

Not documented 21 (5.4)

Documented arrhythmia at the time of DUS

Atrial fibrillation 16 (4.3)

Premature ventricular contractions 7 (1.9)
Values are presented as mean±standard deviation or number (%).
DUS, Doppler ultrasonography. 
a)n=385, dual-gate Duplex carotid examination was performed on two distinct 
occasions in 10 patients.
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discrepancy between the two DUS methods was attributable to a 
lack of precision for the ICA PSV and CR, respectively.

Significant Stenoses
Among the 656 US carotid examinations that were performed, 
seven resulted in the diagnosis of a significant stenosis (i.e., >50% 

Fig. 2. Correlation analyses of hemodynamic measurements between dual-gate Doppler (DGD) and standard Duplex ultrasonography 
(DUS) modes. 
A. The peak systolic velocity (cm/s) of the internal carotid artery measured in the DGD mode (x-axis) was highly correlated (r2=0.642) with 
that measured using the standard DUS mode (y-axis). B. Likewise, the carotid ratio measurements in the DGD mode (x-axis) were closely 
correlated (r2=0.544) with the values measured using the standard DUS mode (y-axis). 
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Fig. 3. Bland-Altman graphical representation of hemodynamic measurements. 
For peak systolic velocity (cm/s) of the internal carotid artery (A) and carotid ratio (B), the difference obtained between standard Duplex 
ultrasonography (DUS) mode and the dual-gate Doppler mode was plotted against the mean of the two DUS modes. On each plot, the 
mean of the differences, its bias (i.e., the difference between the mean and 0) and its 95% confidence interval limits are indicated. Although 
most examinations remained between the confidence intervals for values close to physiological conditions, pathological values were highly 
dispersed, suggesting discrepancies between the methods regarding the diagnosis of carotid artery stenosis.
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with an ICA PSV >125 cm/s and CR >2.0) (Table 2). Three were 
diagnosed by both US modes (case Nos. 1, 2, and 3 in Table 2). All 
three of these cases of CAS were further confirmed by CT scans. A 
representative CT scan result is illustrated in Fig. 4 (CAS case No. 3 
in Table 2).

For three patients (case Nos. 4, 5, and 6 in Table 2), the stenosis 
was diagnosed in the standard DUS mode only. Interestingly, 
CAS was further confirmed by a CT scan and a subsequent 
endarterectomy was performed in cases Nos. 4 and 5. Thus, these 
two cases were false negatives of the DGD mode. Case No. 6 may 
also fall into this category, but the stenosis was never confirmed 
since no other examinations were performed.

Case No. 7 of stenosis in Table 1 was diagnosed in the DGD 
mode only. The standard DUS mode evaluated the stenosis as 
including 40%-49% of the ICA lumen. At the time of this DUS 
examination, no CT scan was performed to further confirm or rule 
out the presence of significant stenosis. However, DUS performed 2 
years later revealed an aggravation of the ICA stenosis (50%-60%), 
which was on this occasion confirmed by a CT scan (>70% stenosis) 
and led to a preventive endarterectomy.

Discussion

During the last few decades, considerable progress has been 
made in the diagnosis and management of both asymptomatic 
and symptomatic CAS. Furthermore, recent medical studies have 
convincingly demonstrated the benefits of early detection and 
management of this pathology, especially in terms of stroke or 
transient ischemic attack incidence [23-27]. Due to its low cost, 
low risk, and broad availability, DUS remains, by far, the first-choice 
method for early detection of CAS. However, this examination has 

Fig. 4. Representative three-dimensional reconstruction of the 
results of computed tomography angiography of supra-aortic 
arterial trunks (corresponding to carotid artery stenosis case 
No. 3 of Table 1). The Duplex ultrasonography examination shows 
suspicion for hemodynamically significant stenosis of the right 
internal carotid artery (peak systolic velocity of 160 and 147 cm/s
in standard and dual-gate Doppler mode, respectively; carotid 
ratio of 2.67 and 3.06 in standard and dual-gate Doppler mode, 
respectively). The three-dimensional reconstruction shows 60% 
stenosis of the right internal carotid artery in its proximal portion (red 
ellipse).

Table 2. Hemodynamic parameters of the seven carotid stenoses diagnosed during the study determined by separate (DUS) or 
simultaneous measurements (DGD) 

Case No.
ICA PSV (cm/s) CR

CT scan results Clinical consequences Medical management
DUS DGD DUS DGD

1 141a) 156a) 2.39a) 2.56a) Complete occlusion Ischemic stroke Unknownb)

2 143a) 153a) 2.38a) 2.73a) Stenosis 50% None Preventive endarterectomy

3 160a) 147a) 2.67a) 3.06a) Stenosis 60% Ischemic stroke Endarterectomy

4 143a) 97 2.51a) 1.47 Stenosis 40% Ischemic stroke Endarterectomy

5 130a) 83 2.24a) 1.73 Stenosis 25% Ischemic stroke Endarterectomy

6 149a) 100 2.07a) 1.61 Not done None Unknownb)

7 118 137a) 1.64 2.04a) Stenosis >70%c) None Preventive endarterectomy
The results of CT are indicated when available. Likewise, the clinical consequences of carotid artery stenosis, as well as its medical management, are indicated when available.
DUS, Duplex ultrasonography; DGD, dual-gate Doppler; ICA, internal carotid artery; PSV, peak systolic velocity; CR, carotid ratio; CT, computed tomography. 
a)Value above the pathological thresholds defined by the European Society of Cardiology. b)Patients transferred to other hospitals after the initial management of ischemic stroke. 
c)CT scan performed 2 years later, after a follow-up DUS in standard mode that yielded values above the pathological thresholds (ICA PSV=207 cm/s, CR=2.49).
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high inter- and intra-operator variability [28], and confirmatory CT 
or MR angiography is mandatory before any surgical intervention. In 
an attempt to facilitate the diagnosis of CAS by DUS, a prospective 
study was conducted of 656 carotid artery examinations to assess 
the correlation between the hemodynamic parameters measured 
either by the gold-standard DUS method or the DGD mode.

Overall, the correlations between the gold-standard DUS and the 
DGD mode for measurements of the CR and PSV of the ICA were 
above 99%. However, both Bland-Altman graphical representations 
and concordance correlation coefficients suggested discrepancies 
between the two measurement methods, especially for values above 
pathological thresholds.

Accordingly, the DGD mode failed to diagnose two out of seven 
cases of CAS that were identified by the standard DUS mode and 
further confirmed by a CT scan. These false-negative results could 
have led to improper decision-making if the carotid arteries were 
examined in DGD mode only. The DGD mode also failed to diagnose 
a case of CAS that was significant based on the results obtained by 
the standard DUS mode, but was never further explored. Conversely, 
one significant case of CAS was diagnosed in the DGD mode but 
not in the standard DUS mode. A careful review of the US images 
determined that the measurement of CCA PSV was farther from the 
carotid bulb (more proximal) in the DGD mode than in the standard 
mode, which may explain the observed discrepancy. However, a 
follow-up examination performed 2 years later (only in the standard 
DUS mode) revealed significant stenosis that was further confirmed 
by a CT scan. In this case, the DGD mode allowed earlier detection 
of a significant CAS. Fortunately, this delayed diagnosis had no 
medical consequences for the patient, who remained asymptomatic 
until a preventive endarterectomy was performed.

The major limitation of the present study is the impossibility for 
the vascular practitioner to determine flow velocities at exactly the 
same positions in the standard DUS mode and the DGD mode. For 
this reason, small variations in flow velocity measurements, which 
are inevitable when the probe is repositioned, can cause the diagnosis 
to change from "non-significant" to "significant" for values close 
to the pathological thresholds. This may explain the discrepancies 
observed between the two US modes regarding CAS cases.

Although the aim of the present study was to evaluate the 
degree of concordance between the hemodynamic measurements 
made using the conventional DUS and DGD modes, another 
major limitation of the present results is the low number of cases 
of significant CAS (7, see Table 2) which precludes any robust 
comparison of the capacity of the two DUS modes to detect clinically 
significant CAS.

Another parameter that may have affected the US examination 
conclusions and the discrepancies observed between the two 

methods is possible arrhythmia. Indeed, the ICA and/or CCA PSV can 
be greatly affected if it is measured just after a premature ventricular 
contraction or a compensatory pause [29]. The DGD mode has the 
major advantage of allowing vascular practitioners to measure flow 
velocities during the same cardiac cycle, thereby obviating these 
issues encountered in patients with arrhythmia. As an example, for 
one patient with documented severe arrhythmia, the DGD mode 
enabled a correct diagnosis of the stenosis as non-significant, 
whereas the reference method yielded a CR above the pathological 
threshold. Furthermore, the ESC guidelines advocate determining 
the CR and ICA PSV, but also the ICA EDV to diagnose CAS [2]. 
At the authors’ University Hospital Center, this last hemodynamic 
parameter is indirectly taken into consideration for the quantification 
of stenosis degree through the automated calculation of the ICA 
resistive index (resistive index=(PSV-EDV)/PSV). One may speculate 
that the integration of the recommended threshold for EDV could 
have decreased the number of discrepancies observed between the 
two DUS modes. In this regard, future validation studies may benefit 
from the addition of the ICA EDV into the diagnosis algorithm.

Lastly, the same ICA PSV and CR cutoff values were used as 
significance thresholds for both conventional DUS and the DGD 
mode. It remains possible that these thresholds are not adapted to 
DGD, and future studies will be needed to validate these values.

In conclusion, conventional DUS and the DGD mode measured 
the hemodynamic characteristics of carotid artery flow with excellent 
agreement. This good level of agreement tended to decrease for 
values above pathological thresholds, which were responsible for the 
small proportion of discordant diagnoses. Overall, the DGD mode 
allowed reliable measurements of carotid artery flow with the main 
advantage of simultaneous flow recording at ICA and CCA. One 
may speculate that future technical developments in US will further 
enhance the sensitivity and the specificity of US examinations of the 
carotid arteries. Given this close correlation between the reference 
method and the DGD mode, future studies could now be envisaged 
to demonstrate the potential benefits of the DGD technology in 
terms of clinical outcome prediction or acquisition time. The DGD 
mode, which is mostly used in cardiology, may also bring major 
benefits to other vascular investigations where flow velocity must be 
measured at several branches of the vasculature, such as the renal 
arteries.
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