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Abstract: Background/Objective: Transcutaneous Doppler ultrasound is a fundamental
tool in evaluating carotid stenosis cross-sectional severity (CS-CSS) in clinical practice
because peak-systolic and end-diastolic velocities (PSV, EDV) increase with angiographic
diameter stenosis. We tested the hypothesis that lesion length (LL) may affect PSV and
EDV. Methods: CARUS (Carotid Artery IntravasculaR Ultrasound Study) prospectively
enrolled 300 consecutive patients (age 47–83 years, 64.3% men, 63.3% symptomatic) with
carotid stenosis ≥50% by Doppler ultrasound considered diagnostic (corelab analyst).
We correlated stenosis LL (mm) and minimal lumen area (MLA, mm2) with PSV and
EDV. Results: IVUS imaging (20 MHz Volcano/Philips) was uncomplicated. As IVUS
probe forward/backward movement with systole/diastole (“jumping”-related artifact
superimposed on motorized pullback) restrained LL (but not MLA) determination, LL
measurement was angiographic. Final data set included 293 patients/stenoses (applicable
to seven angiograms unsuitable for LL measurement). Irrespective of CS-CSS, a significant
LL effect on PSV and EDV occurred with LL ≥ 7 mm (n = 224/293, i.e., 76.5% study
patients/lesions; r = 0.38 and r = 0.35); for MLA irrespective of CS-CCS the coefficients
were r = 0.49 (PSV) and r = 0.42 (EDV); p < 0.001 for all. For LL and MLA considered
together, the correlations were stronger: r = 0.61 (PSV) and r = 0.54 (EDV); p < 0.0001
for both. Combined LL and MLA effect was represented by the following formulas:
PSV = 0.31 × LL/MLA + 2.02 [m/s]; EDV = 0.12 × LL/MLA + 0.63 [m/s], enabling to
correct the PSV (EDV)-based assessment of CS-CSS for the LL effect. Conclusions: This
study provides, for the first time, systematic evidence that the length of carotid stenosis
significantly affects lesional Doppler velocities. We established formulas incorporating
the contribution of both stenosis length and its cross-sectional severity to PSV and EDV.
We advocate including stenosis length measurement in duplex ultrasound reports when
performing PSV (EDV)-based assessment of carotid cross-sectional stenosis severity.
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1. Introduction
Atherosclerotic carotid artery stenosis is an important causal factor of ischemic

stroke [1–4]. Correct diagnosis of carotid artery stenosis is relevant as it triggers (1) initia-
tion/maximization of medical therapy to reduce the stroke risk and overall atherosclerosis-
associated cardiovascular risk and (2) when indicated, consideration of revascularization
to optimize carotid-related stroke risk reduction on top of medical therapy [1,5–7]. Al-
though there is a growing understanding of the role of plaque morphology in relation to
stroke risk [5,8–12], according to current guidelines carotid stenosis cross-sectional severity
remains the fundamental parameter in clinical decision-making [13–15].

Transcutaneous duplex ultrasound (DUS) is the primary diagnostic tool in estab-
lishing the presence of carotid stenosis, as it is noninvasive, contrast-free, and widely
available [14,16]. As the DUS peak systolic and end-diastolic velocities (PSV, EDV) relate to
angiographic diameter stenosis [17–19], DUS is a routine first–line technique in grading
cross-sectional stenosis severity [13,14,16,20], fundamentally affecting further diagnostic
and therapeutic steps in everyday clinical practice. However, no single lesion-severity clas-
sification system has yet been established. Rather, several different PSV and EDV cutoffs
have been proposed in relation to specific ranges of carotid % diameter stenosis [21–24].
The disagreements in lesional velocity cutoffs [21–24] reflect the DUS poor discriminatory
value in grading carotid cross-sectional stenosis severity [18,25–28]. While DUS may per-
form well in classifying stenoses as above or below a single degree of severity, it does not
function well in subclassification of the stenosis degree [18,25,27,29]. Evaluation of velocity
data for 977 carotid lesions from five studies that involved routine carotid diameter stenosis
determination suggests that use of flow velocities to determine cross-sectional stenosis
severity can, in a proportion of lesions, overestimate the degree of stenosis [20].

Computational fluid dynamics and experimental measurements in stenotic mod-
els indicate that hemodynamics of the stenotic carotid artery is affected by a number of
parameters beyond the cross-sectional degree of stenosis [30–34]. Other significant vari-
ables include the stenotic segment length, cardiac output, flow rate, and flow velocity
prior to the stenotic segment, blood volume and pressure, vessel compliance, and blood
viscosity [30,33–35]. Experimental bench model data and studies in animal models consis-
tently demonstrate that—in addition to unquestionable role of cross-sectional area of the
stenotic segment—the lesion length is an important variable of both non-turbulent and
turbulent flow [30,36].

We tested the hypothesis that longitudinal length of the carotid atherosclerotic nar-
rowing may significantly affect clinical measurements of PSV and EDV beyond the role
played by cross-sectional stenosis severity (Figure 1).
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Figure 1. Schematic presentation of the study hypothesis. We hypothesized that carotid lesion 
length may affect the measured Doppler flow velocities in clinical practice; an effect on flow veloc-
ities beyond that of cross-sectional stenosis severity. If the hypothesis is valid, an increase in lesion 
length (LL2 > LL1) would correlate with a change (to maintain flow, likely—an increase) in flow 
velocity. This might be relevant to clinical practice as majority of DUS reports usually only include 
measurements of “peak systolic” (PSV) and “end-diastolic” velocity (EDV). D1—minimal lumen 
diameter of the stenotic segment in Lesion 1, D2—minimal lumen diameter of the stenotic segment 
in Lesion 2, LL—length of the lesion, V—flow velocity. 

2. Materials and Methods 
2.1. Study Design 

This was a prospective, intravascular ultrasound (IVUS)–based academic study en-
rolling consecutive neurologically asymptomatic or symptomatic patients referred with 
carotid artery de novo stenosis of at least “50%” in the context of potential revasculari-
zation (Carotid Artery IntravasculaR Ultrasound Study, CARUS). The target population 
of 300 participants was recruited over a period of 19 months. Patients with contraindica-
tions to angiographic imaging or with highly calcified lesions that precluded reliable as-
sessment of velocities [37–39] as per agreement of two experienced ultrasonographers 
were excluded. Those with chronic kidney disease with glomerular filtration rate < 30 
mL/min were also excluded because catheter angiography imaging could require several 
projections for optimal lesion visualization. Furthermore, the presence of ≥50% contrala-
teral stenosis was an exclusion criterion because it may affect the index vessel flow ve-
locities particular for contralateral stenoses > 70% [40,41]. Contralateral stenoses 50–70% 
may exert only minimal effects on ipsilateral flow velocities while the effect of those <50% 
is negligible [41,42]. Patients were considered symptomatic when an independent neu-
rologic consultation indicated a history of ipsilateral hemispheric (transient ischemic 
attack or stroke) or retinal (amaurosis fugax, retinal stroke) symptoms within the pre-
ceding six months in the presence of atherosclerotic carotid stenosis. In symptomatic pa-
tients, in case of bilateral internal carotid artery stenosis, the symptomatic vessel was the 
study artery. DUS and subsequent quantitative catheter angiography (QA) and IVUS 
were performed during index hospitalization, within 3 days from one another. 

2.2. DUS Examination 

DUS scanning was performed in a certified vascular ultrasound imaging lab, using a 
Toshiba Aplio PowerVision ultrasound machine (Toshiba Medical Systems Co., Ltd., 
Tokyo, Japan) equipped with a 4–11 MHz linear-array transducer, by one of two expe-
rienced operators working together on a daily basis. In case of doubt, the other DUS op-

Figure 1. Schematic presentation of the study hypothesis. We hypothesized that carotid lesion
length may affect the measured Doppler flow velocities in clinical practice; an effect on flow velocities
beyond that of cross-sectional stenosis severity. If the hypothesis is valid, an increase in lesion
length (LL2 > LL1) would correlate with a change (to maintain flow, likely—an increase) in flow
velocity. This might be relevant to clinical practice as majority of DUS reports usually only include
measurements of “peak systolic” (PSV) and “end-diastolic” velocity (EDV). D1—minimal lumen
diameter of the stenotic segment in Lesion 1, D2—minimal lumen diameter of the stenotic segment in
Lesion 2, LL—length of the lesion, V—flow velocity.

2. Materials and Methods
2.1. Study Design

This was a prospective, intravascular ultrasound (IVUS)–based academic study en-
rolling consecutive neurologically asymptomatic or symptomatic patients referred with
carotid artery de novo stenosis of at least “50%” in the context of potential revasculariza-
tion (Carotid Artery IntravasculaR Ultrasound Study, CARUS). The target population of
300 participants was recruited over a period of 19 months. Patients with contraindications
to angiographic imaging or with highly calcified lesions that precluded reliable assess-
ment of velocities [37–39] as per agreement of two experienced ultrasonographers were
excluded. Those with chronic kidney disease with glomerular filtration rate < 30 mL/min
were also excluded because catheter angiography imaging could require several projec-
tions for optimal lesion visualization. Furthermore, the presence of ≥50% contralateral
stenosis was an exclusion criterion because it may affect the index vessel flow velocities
particular for contralateral stenoses > 70% [40,41]. Contralateral stenoses 50–70% may
exert only minimal effects on ipsilateral flow velocities while the effect of those <50% is
negligible [41,42]. Patients were considered symptomatic when an independent neurologic
consultation indicated a history of ipsilateral hemispheric (transient ischemic attack or
stroke) or retinal (amaurosis fugax, retinal stroke) symptoms within the preceding six
months in the presence of atherosclerotic carotid stenosis. In symptomatic patients, in case
of bilateral internal carotid artery stenosis, the symptomatic vessel was the study artery.
DUS and subsequent quantitative catheter angiography (QA) and IVUS were performed
during index hospitalization, within 3 days from one another.

2.2. DUS Examination

DUS scanning was performed in a certified vascular ultrasound imaging lab, using a
Toshiba Aplio PowerVision ultrasound machine (Toshiba Medical Systems Co., Ltd., Tokyo,
Japan) equipped with a 4–11 MHz linear-array transducer, by one of two experienced
operators working together on a daily basis. In case of doubt, the other DUS operator was
consulted, and an agreement was reached. The Doppler waveform was obtained with
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an angle of insonation equal to 60◦; angles between 45◦ and 60◦ were considered in case
of anatomic constraints. The carotid artery was sampled through the region of stenosis
completely until the distal end of the plaque was visualized, to ensure that the site of
greatest velocity had been captured. The highest flow velocities in systole and end-diastole
(PSV and EDV) were recorded for further analysis. The quality of DUS recording had to be
of passed as diagnostic by a senior corelab analyst. DUS examination preceded catheter
angiographic and IVUS examination by 1–3 days (median 1 day).

2.3. Quantitative Catheter Angiography (QA)

After obtaining transfemoral or transradial access, unfractionated heparin was rou-
tinely administered at the dose of 5000 IU. In case of cerebral protection device use or
further proceeding to intervention, the heparin dose was further titrated to achieve an
activated clotting time of at least 250 s. Selective digital angiography of the index carotid
artery was performed using Coroscop or Axiom Artis Zee angiograph (Siemens AG, Mu-
nich, Germany) in multiple (four to seven, median four) angulated projections to identify
the narrowest lumen diameter while minimizing foreshortening and avoiding an overlap
of side branches. The view where the stenosis was tightest was used for quantitative
cross-sectional measurements (Quantcor QA v5.0, Siemens) performed consistent with
a core laboratory standard operating procedure. QA measurements, including reference
diameter (RD—determined as per NASCET [43]), minimal lumen diameter (Dmin), and
diameter stenosis (DS) were performed offline by agreement of two Angiographic Core
Lab analysts and were then verified by an angiographic corelab supervisor. Percent di-
ameter stenosis was computed according to the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) method as [(RD-Dmin)/RD] × 100%, where RD is the
reference diameter and Dmin is the minimal lumen diameter [43]. However, the blood
flow velocity in the stenosed artery is known to be dependent on the area cross section
rather than on the lumen symmetry [44]. Because of the limitations of circumferential MLA
(QA-MLA) estimation from a planar Dmin measurement (π × (Dmin/2)2 formula), relevant
particularly to non-circular lumens (example in Figure 2), a contrast column density–based
(i.e., denistometric) evaluation of MLA (QADENSITOM-MLA) [45] was performed in addition
to the MLA estimation from planar images (MLA = π (Dmin/2)2). While intravascular ultra-
sound (IVUS) was used for its precise determination of MLA, our pilot work demonstrated
that the systolic/diastolic longitudinal movement of the IVUS probe (a “jumping”-related
artifact, superimposed on automatic pullback) restrains the LL (but not MLA) measure-
ment while QA performs well in longitudinal measurements [46]. Thus, angiographic
LL determination (performed in the projection showing the greatest lesion length) was
used (Figure 2). With precise lesion-length measurement considered unfeasible in seven
angiograms, the final data set included 293 patients/lesions. Angiographic and ultrasound
measurements were taken in maximal diastole of the vessel.

2.4. Intravascular Ultrasound

Because flow velocity is inversely related to cross-sectional area of the stenotic seg-
ment [29], accurate determination of the cross-sectional area is fundamental to dissect
out the lesion-length contribution to flow velocity. As planar QA is routinely focused
on longitudinal rather than cross-sectional imaging, intravascular ultrasound (IVUS) was
used for precise MLA measurements [45–48]. Consistent with our prior experience [49,50],
the decision to use a neuroprotection device for IVUS imaging was based on the lesion
morphology, stenosis severity, and the presence/absence of a history of ipsilateral clinical
symptoms or an ipsilateral asymptomatic cerebral infarct, and it was left to the operator
performing the case.
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Figure 2. Quantitative measurements of the lesion length and IVUS evaluation of minimal lu-
men area. (A) Carotid artery catheter angiography in a symptomatic lesion. (B) Quantitative an-
giography measurement of the total lesion length and stenosis severity by % diameter stenosis. (C) 
Quantitative angiography measurement of the length of stenotic segment with cross-sectional se-
verity of at least 50% diameter stenosis (DS). (D) IVUS evaluation (in this case, under proximal 
neuroprotection by transient flow reversal) of the minimal lumen cross-sectional area. Arrows in-
dicate, respectively, total lesion length (B) and the length of stenotic segment with cross-sectional 
severity of ≥50% diameter stenosis (C). RD is the reference diameter. Diameter stenosis (%) was 
calculated according to the NASCET method [43]; cf., Supplementary Figure S1. 
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[49,50], the decision to use a neuroprotection device for IVUS imaging was based on the 
lesion morphology, stenosis severity, and the presence/absence of a history of ipsilateral 
clinical symptoms or an ipsilateral asymptomatic cerebral infarct, and it was left to the 
operator performing the case. 

A commercially available rapid-exchange IVUS transducer (3.5 F, scanner diameter 
1.15 mm, Eagle Eye Gold or Platinum, Philips Volcano, San Diego, CA, USA) was intro-
duced to the index carotid artery over a 0.014-inch coronary guidewire (in case of un-
protected imaging or imaging under proximal cerebral protection) or, in case of distal 
embolic protection device use, over the wire of the protective filter. At least two IVUS 
runs with automatic motorized pullback were performed with the speed of 0.5 mm/s. 
ChromaFlo application (Philips Volcano) was routinely used in one IVUS run to improve 
delineation of the interface between the lumen and the vessel wall or atherosclerotic 
plaque (Figure 2D) [50]. In addition, a very slow manual pullback was performed in or-
der not to miss the minimal lumen spot [50]. IVUS measurements of MLA were per-
formed at maximal vessel diastole using QIvus software (v.2.0, Medis Medical Imaging 
Systems, Leiden, The Netherlands). Precise tracking of the lumen border—using manual 
correction whenever necessary—was performed on a frame-by-frame basis. QIvus soft-
ware lumen area calculation was performed, taking into consideration the delineated 
lumen shape, including elliptic-like (example in Figure 2D) or any other non-circular 
lumen shapes. Lumen area measurement in the MLA frame was used for further analy-
sis. Reference lumen diameter was taken as the maximal lumen diameter in the reference 

Figure 2. Quantitative measurements of the lesion length and IVUS evaluation of minimal lumen
area. (A) Carotid artery catheter angiography in a symptomatic lesion. (B) Quantitative angiography
measurement of the total lesion length and stenosis severity by % diameter stenosis. (C) Quantitative
angiography measurement of the length of stenotic segment with cross-sectional severity of at least
50% diameter stenosis (DS). (D) IVUS evaluation (in this case, under proximal neuroprotection by
transient flow reversal) of the minimal lumen cross-sectional area. Arrows indicate, respectively, total
lesion length (B) and the length of stenotic segment with cross-sectional severity of ≥50% diameter
stenosis (C). RD is the reference diameter. Diameter stenosis (%) was calculated according to the
NASCET method [43]; cf., Supplementary Figure S1.

A commercially available rapid-exchange IVUS transducer (3.5 F, scanner diame-
ter 1.15 mm, Eagle Eye Gold or Platinum, Philips Volcano, San Diego, CA, USA) was
introduced to the index carotid artery over a 0.014-inch coronary guidewire (in case of
unprotected imaging or imaging under proximal cerebral protection) or, in case of distal
embolic protection device use, over the wire of the protective filter. At least two IVUS
runs with automatic motorized pullback were performed with the speed of 0.5 mm/s.
ChromaFlo application (Philips Volcano) was routinely used in one IVUS run to improve
delineation of the interface between the lumen and the vessel wall or atherosclerotic plaque
(Figure 2D) [50]. In addition, a very slow manual pullback was performed in order not
to miss the minimal lumen spot [50]. IVUS measurements of MLA were performed at
maximal vessel diastole using QIvus software (v.2.0, Medis Medical Imaging Systems,
Leiden, The Netherlands). Precise tracking of the lumen border—using manual correction
whenever necessary—was performed on a frame-by-frame basis. QIvus software lumen
area calculation was performed, taking into consideration the delineated lumen shape,
including elliptic-like (example in Figure 2D) or any other non-circular lumen shapes.
Lumen area measurement in the MLA frame was used for further analysis. Reference
lumen diameter was taken as the maximal lumen diameter in the reference segment in
diastole. IVUS measurements were performed by agreement of two IVUS core labora-
tory analysts with >10 years of experience in carotid IVUS evaluation. Consistent with a
standard operating procedure, IVUS measurements were further approved by the IVUS
core laboratory supervisor. Analysts performing DUS, QA, and IVUS measurements were
blinded to one another.

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Jagiellonian University Medical College Ethics Committee. Informed
consent was obtained from all participants involved in the study.
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2.5. Stenosis Parameters

The following parameters were analysed in the context of investigating relationship(s)
between the stenotic flow velocities and characteristics of the narrowing: (1) PSV and EDV
(m/s), (2) the carotid stenotic segment total lesion length (LL, mm) (Figure 2), (3) length
of the carotid stenotic segment with stenosis severity of at least 50% DS (mm); (Figure 2);
(4) IVUS-MLA (mm2) (Figure 2); (5) QA-MLA (mm2); (6) QADENSITOM-MLA (mm2). The
length of stenotic segment with stenosis severity ≥50% DS was also analysed in order to
indirectly assess whether the hemodynamic phenomena at the lesion entrance/exit play
any major role in LL effect on stenotic peak flow velocities.

2.6. Data Presentation and Statistical Analysis

Categorical variables are presented as numbers and percentages. Continuous variables
are expressed as median and quartiles (Q1–Q3). Correlation between lesional flow velocities
(PSV, EDV) and the stenosis characteristics (total LL, LL ≥ 50% DS, IVUS-MLA, QA-
MLA, and QADENSITOM-MLA) is presented as a correlation coefficient (‘r’; ranging from
0 [no correlation] to 1.0 [perfect correlation]). Mann–Whitney U test was used to assess
differences in the distributions between the two groups. Regression analysis was performed
for the stenosis combined length and cross-sectional severity effect against PSV and EDV.
Probability values < 0.05 were considered statistically significant.

3. Results
3.1. Characteristics of Patients and Index Lesions

The majority of the 293 patients (63.8%) were clinically symptomatic. Table 1 shows
clinical characteristics of the study subjects whereas characteristics of the study lesions is
provided in Table 2. Median PSV was 2.5 (1.9–3.3) m/s; EDV 0.9 (0.6–1.2) m/s (range from
0.97 m/s to 6.94 m/s for PSV and from 0.23 m/s to 2.91 m/s for EDV). IVUS determination
of MLA was protected in 184 (62.8%) stenoses (filters—48.1%, transient flow reversal
l devices—14.7%) whereas 109 (37.2%) lesions were imaged with IVUS in absence of a
cerebral protection device. Catheter angiography and IVUS imaging were uncomplicated.

Table 1. Clinical characteristics of the study patients (n = 293).

Age, years 66 (60–72)
Gender = men, n (%) 188 (64.2)
Symptomatic, n (%) 187 (63.8)
Diabetes, n (%) 94 (32.1)

Insulin, n (%) 31 (10.6)
Smoking (current or past), n (%) 156 (53.2)
Arterial hypertension, n (%) 260 (88.7)

on hypotensive pharmacotherapy 260 (88.7)
SBP, mmHg 132 (125–137)
DBP, mmHg 78 (70–84)

h/o myocardial infarction, n (%) 74 (25.2)
CAD, n (%) 196 (66.9)
PAD, n (%) 44 (15.0)
BMI, kg/m2 27.7 (25.7–30.1)
Creatinine, µmol/L 85 (74–101)
eGFR < 60, mL/min, n (%) 65 (22.2)

Data are given as median (Q1–Q3) or number (n, %). CAD—coronary artery disease, PAD—peripheral artery
disease, BMI—body mass index, h/o—history of, SBP—systolic blood pressure, DBP—diastolic blood pressure,
eGFR—estimated glomerular filtration rate.
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Table 2. Characteristics of the index carotid lesions (n = 293).

PSV (m/s) 2.5 (1.9–3.3)
EDV (m/s) 0.9 (0.6–1.2)
(total) LL (mm) 10.5 (7.2–14.4)
LL ≥ 50% DS (mm) # 2.4 (1.5–3.7)
QA-DS (NASCET, %) 59.0 (54.0–67.0)
QA (circumferential) MLA (mm2) 3.3 (2.3–4.4)
QADENSITOM-MLA (mm2) 5.9 (4.2–7.7)
IVUS-MLA (mm2) 6.1 (4.6–8.4)

Data are provided as median (Q1–Q3) # The length of the segment with lesion exceeding 50% diameter stenosis by
quantitative angiography, DS—diameter stenosis, EDV—end-diastolic velocity, IVUS—intravascular ultrasound,
LL—(total) lesion length, MLA—minimal lumen area, NASCET—North American Symptomatic Carotid En-
darterectomy Trial method [43], PSV—peak systolic velocity, QA—conventional (planar) quantitative angiography,
QADENSITOM—contrast column density-based quantitative angiographic measurements.

The carotid stenotic segment total LL was from 2.44 to 38.21 mm; median 10.46
(7.23–14.35) mm. Median minimal lumen diameter by QA was 2.02 (1.72–2.35) mm and
median reference diameter was 4.95 (4.69–5.19) mm, resulting in a median DS of 59%
(54–67%). Densitometric MLA evaluation showed values systematically greater than the
circumferential estimation of MLA from angiographic Dmin (median 5.9 vs. 3.3 mm2;
p < 0.001). The densitometric MLA values were close to those determined by IVUS (median
IVUS-MLA 6.1 mm2; p = 0.37). Dmin by IVUS ranged from 1.2 mm to 4.2 mm; IVUS-MLA
was 1.3 mm2–17.4 mm2.

3.2. Correlation of the Stenosis Individual Characteristics with Flow Velocities

LL showed a positive, moderate but statistically highly significant, correlation with
PSV (r = 0.19) and EDV (r = 0.20); p = 0.001 and p < 0.001, respectively. With an increase in
LL there was an increase in PSV and EDV irrespective of cross-sectional stenosis severity
(Figure 3). The relationship between PSV/EDV and lesion length was slightly weaker for
lesion length taken as the length of stenotic segment with ≥50% DS than that for the total
stenotic segment length (Figure 3), indicating that total LL is a more powerful driver of the
lesion length effect on PSV/EDV than length of the stenotic segment exceeding 50% of the
lumen diameter.

IVUS-MLA, when considered irrespective of LL, correlated with PSV and EDV with
coefficients greater than those for LL alone (r = 0.49 and r = 0.42, p < 0.001 for both),
indicating that the individual effect of cross-sectional stenosis severity on PSV/EDV is
greater than that of LL in isolation. ROC analysis, taking the cross-sectional area stenosis
≥75% by IVUS as reference, demonstrated diagnostic accuracy of uncorrected PSV slightly
greater than that of uncorrected EDV, with the PSV cutoff of 2.58 m/s (area under the
curve 0.77 (95% CI 0.72–0.83), sensitivity 0.74, specificity 0.71, positive predictive value 0.64,
negative predictive value 0.80). The corresponding values for EDV were the following:
cutoff 0.75 m/s, area under the curve 0.74 (95% CI 0.68–0.80, sensitivity 0.77, specificity
0.61, positive predictive value 0.57, negative predictive value 0.80).

3.3. Threshold for the Lesion-Length Effect on PSV and EDV

Candidate LL thresholds from 3 to 20 mm were tested in evaluating whether there is a
cutoff for the LL effect on PSV and EDV. This revealed a significant LL effect on PSV/EDV
for lesion lengths ≥ 7 mm (Figure 4) indicating relevance of the LL effect on flow velocities
to majority of carotid stenoses (224/293 lesions, i.e., 76.5% in this series).
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verity. Graphs present relationship between the stenotic segment length (total lesion length in 
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Figure 3. Carotid lesion length affects flow velocities irrespective of cross-sectional stenosis
severity. Graphs present relationship between the stenotic segment length (total lesion length in (A,B)
and the length of stenotic segment with ≥50% DS ((C,D); cf., Figure 2) and PSV (A,C) or EDV (B,D).
PSV—peak systolic velocity, EDV—end-diastolic velocity, DS—(angiographic) diameter stenosis,
n—number.

3.4. Combined Effect of Lesion Length and Cross-Sectional Stenosis Severity on PSV and EDV

The combined effect of LL and cross-sectional stenosis severity was best represented
by the LL/cross-sectional stenosis severity ratio. Figure 5 shows the integrated effect of
LL and cross-sectional stenosis severity on flow velocities. The combined effect of LL
and cross-sectional stenosis severity on peak flow velocities (PSV and EDV) was stronger
than the individual effect of LL or cross-sectional stenosis severity (compare Figure 5 vs.
Figure 3). The highest correlation was seen for LL combined with cross-sectional stenosis
severity expressed as IVUS-MLA (r = 0.61 for PSV and 0.54 for EDV; p < 0.0001 for both;
Figure 5A,B). Correlation coefficients were lower when replacing the IVUS-MLA with
QA circumferential estimation of MLA (Figure 5C,D), consistent with a lesser accuracy
of lumen estimations based on planar angiographic measurements (Figure 6). Although
angiographic Dmin correlated with Dmin by IVUS (r = 0.71, p < 0.001), there was a systematic
underestimation of Dmin by QA (Figure 6A,B), translating into a systematic error of cross-
sectional stenosis severity determination by QA in relation to IVUS (despite a reasonable
correlation of the 2 measurements; r = 0.60, p < 0.01; histogram and Bland-Altman plot
in Figure 6C,D, respectively). In contrast to planar measurements of the residual lumen,
QADENSITOM-MLA performed only slightly less accurately than IVUS-MLA in the relation-
ship between flow velocities and combined effect of lesion length or cross-sectional stenosis
severity (Figure 5E,F versus Figure 5A,B). This is consistent with improved accuracy of
angiographic MLA estimation when using automatic analysis of contrast column density
at the tightest stenosis section (r = 0.82 and p < 0.001 for IVUS-MLA vs. QADENSITOM-
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MLA, mean MLA by IVUS 6.1 mm2, mean MLA by QADENSITOM 5.9 mm2, mean relative
difference only 7.4%).
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a majority (>75%) of carotid stenotic lesions. LL—total lesion length, PSV—peak systolic velocity,
EDV—end-diastolic velocity, n—number.
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Figure 5. Combined effect of lesion length and cross-sectional stenosis severity on flow velocities
in carotid stenotic lesions. Graphs on the left (A,C,E) show a combined effect of LL and MLA on
PSV whereas those on the right (B,D,F) demonstrate a combined effect of LL and MLA on EDV.
In (A,B) the LL is indexed to MLA by IVUS; in (C,D) the MLA is estimated from conventional
quantitative angiography measurements, whereas in (E,F) the MLA is automatically determined
from the minimal contrast column density in the stenotic segment in relation to that in the reference
segment. Note that the correlation coefficients in (E,F) nearly reach those in (A,B), consistent with a
greater accuracy of MLA determination via the automatic densitometric measurement rather than
estimation from a conventional (planar) contrast angiography. See text for details. PSV—peak
systolic velocity, EDV—end-diastolic velocity, LL—total lesion length, IVUS-MLA—intravascular
ultrasound minimal lumen area. QA-MLA—minimal lumen area estimation from conventional
(planar) quantitative angiography; QADENSITOM-MLA—quantitative angiographic densitometric
(contrast column density-based) minimal lumen area, n—number.
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Figure 6. Relationship between planar angiographic and IVUS measurement of Dmin and cross-
sectional stenosis severity. Histogram (A) and Bland–Altman presentation (B) demonstrate system-
atic underestimation of Dmin by angiographic measurement, with mean absolute difference (Abs D)
of −0.39 mm and mean relative difference (Rel D) of −22.5%. This, along with inability of the planar
angiogram–based estimation to correct for any non-circular lumen (example in Figure 2D), results in
a systematic overestimation of cross-sectional stenosis severity (mean Abs D in area stenosis of 13.4%;
(C) with a rather wide data scatter on Bland–Altman analysis (D). ASCIRC—circular estimation of
cross-sectional carotid stenosis severity based on angiographic measurement of reference diameter
and minimal lumen diameter, ASIVUS—intravascular ultrasound (IVUS) measurement of area stenosis
(AS), QA—quantitative angiography, Dmin—minimal lumen diameter.

3.5. Flow Velocity Formulas Integrating the Effect of Lesion Length and Cross-Sectional
Stenosis Severity

By regression analysis, the combined effect of LL and cross-sectional severity on
lesional Doppler velocities was represented by the following best-fit equations:

PSV = 0.31 × LL/MLA + 2.02 [m/s] (1)

and
EDV = 0.12 × LL/MLA + 0.63 [m/s] (2)

where LL is lesion length in mm and MLA is minimal lumen area in mm2, with the formulas
operational for PSV > 2.02 m/s and EDV > 0.63 m/s.

Because %DS = [(RD − Dmin)/RD] × 100%, once the lesional flow velocities and LL
are established, the %DS can be estimated using the above equations, as
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Dmin =

√
1.24 ∗ LL

π ∗ (PSV − 2.02)
[mm] when assessed from PSV

and

Dmin =

√
0.48 ∗ LL

π ∗ (EDV − 0.63)
[mm] when assessed from EDV

4. Discussion
The fundamental, new finding from this study is that the length of carotid stenotic

segment affects lesional Doppler velocities that are routinely used to assess the cross-sectional
severity of carotid stenosis; a key parameter in clinical decision-making. The greater the
lesion length, the greater PSV and EDV; an effect that becomes significant with lesion length
≥7 mm. We thus advocate including stenosis length measurement in DUS reports and
taking the lesion length effect into account when performing PSV/EDV-based assessment
of carotid stenosis cross-sectional severity.

4.1. Carotid Stenosis Cross-Sectional Severity: A Classic Measure of Stroke Risk

Randomized trials of asymptomatic carotid stenosis, Asymptomatic Carotid Atheroscle-
rosis Study (ACAS [51] and Asymptomatic Carotid Stenosis Trial-1 (ACST-1 [52]), demon-
strated absolute stroke reduction absolute 5.9% and 5.2%, respectively, over 5 years, with
major/disabling stroke reduction by 2.6% in both trials. Further evidence from ACST-1
showed that the effect of carotid revascularization is maintained for at least 10–15 years,
and it is maintained in patients on “triple” medical therapy, including statin, anti-platelet
agent, and anti-hypertensive agent [1]. It is important to understand that contemporary
pharmacologic therapy—even when maximized—may reduce, but it does not abolish,
stroke risk in relation to carotid artery stenosis [1], and patients on optimized (by today’s
criteria) medical therapy continue to present with carotid-related strokes as demonstrated
in randomized trials and registries of acute stroke [1–3,53].

4.2. Interpretation of DUS Velocities: What This Study Adds

For nearly 40 years, Doppler ultrasonography stenotic flow velocities—PSV and
EDV—have been in routine clinical use to assess cross-sectional severity of carotid
atherosclerotic narrowings in the context of clinical decision-making [21]. Multiple studies,
however, have pointed to poor discriminatory value of PSV and EDV in the grading of
cross-sectional stenosis severity [18,25–29]. This constitutes an important limitation of the
Doppler technique when used to determine cross-sectional severity of carotid stenosis. We
found that that the length of carotid stenosis, when ≥7 mm, exerts a significant effect on
stenotic flow velocities irrespective of cross-sectional stenosis severity—a critical parameter
in clinical decision-making [13–16]. The greater the length of the narrowing, the greater
PSV and EDV (Figure 4). This real-life finding, applicable to >75% patients with carotid
stenosis evaluated for further management following the initial Doppler examination in
this study, is consistent with the effect of LL on stenotic flow velocities demonstrated
in experimental flow model studies and by computational fluid dynamics [29–33]. The
results from the present study show that although the LL effect on flow velocities is weaker
than that of cross-sectional lesion severity, it is statistically significant (Figure 4) and func-
tionally relevant (Graphical Abstract, for a detailed description of Graphical Abstract see
the Supplementary Materials). We further show that the combined effect of LL and cross-
sectional stenosis severity on PSV and EDV is stronger than the roles played individually
by LL and cross-sectional stenosis severity (Figure 5). Our finding of the LL effect on
EDV is consistent with the postulated clinical role of implementing EDV (beyond PSV)
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in routine DUS analysis [54]. Finally, we established simple formulas that include the
combined contribution of LL and cross-sectional stenosis severity to the DUS-captured
values of lesional PSV and EDV, enabling to correct the PSV (EDV)-based assessment of
cross-sectional stenosis severity for the effect of LL on flow velocities.

4.3. Cerebrovascular Circulation: Role of the Circle of Willis in Providing Collateral Flow

Cerebrovascular circulation relies on four major feeding vessels: two carotid and two
vertebral arteries [55,56]. On the base of the brain, connecting all major feeding vessels is
the circle of Willis, which is constitutes the primary collateral system [55,56]. Microvascu-
lar intracranial collaterals consisting of leptomeningeal and subcortical collaterals make
the secondary collateral system with the addition of extracranial–intracranial vascular
anastomoses as the third system [55,56]. The circle of Willis is a ring of interconnected
medium-sized arteries located at the base of the brain. It connects the anterior and pos-
terior circulations and the left and right hemispheres. The circle of Willis is considered
the most important collateral network that connects the major feeding arteries of cerebral
circulation. The circle of Willis can provide immediate diversion of blood flow in the case
of an acute occlusion of a parent vessel. An important caveat is that the circle of Willis
has many possible variations that significantly affect the capacity of the circle of Willis to
provide collateral pathways of blood flow [55,56]. A complete circle of Willis is present in
only 25% of cases. Incomplete anterior half is found in 57% of cases whereas incomplete
posterior half in 3% of cases. Incomplete anterior and posterior portions are present in
15% of cases [57]. In general, the patients with a complete circle of Willis exhibit lower
stroke severity compared to those with incomplete circle of Willis [57]. Although internal
carotid artery occlusion can (in some patients) occur without cerebral damage, in many
cases there is a risk of developing low-flow infarcts when the collateral blood supply is
not sufficient to maintain adequate cerebral perfusion [58]. In the least extreme cases,
the internal carotid artery supplies only the middle cerebral artery; in the most extreme
cases, the internal carotid artery supplies the ipsilateral posterior cerebral artery, middle
cerebral artery (and arteries arising from it), as well as both ipsilateral and contralateral
anterior cerebral artery. With ~90% carotid-related ischaemic strokes being embolic and
~10% purely hemodynamic [59], functionality of the circle of Willis plays an important role
in stroke outcome, whether mechanistically hemodynamic or embolic [60,61]. In carotid
artery disease, the contralateral carotid artery and basilar artery may act as an important
intracranial collateral to supply hypoperfused middle cerebral artery territories [62,63].
Recent transcranial Doppler ultrasonography analysis revealed a low prevalence of func-
tional collateral cerebral circulation in the circle of Willis in patients with severe carotid
artery stenosis and recent stroke [64], consistent with the presence of a compromised circle
of Willis by CT-angiography in >80% patients undergoing carotid revascularization [65].
Although robust collateral networks are considered an independent predictor of better
functional outcomes [57], collateral failure is an important factor of cerebral infarct progres-
sion [66]. Indeed, any functional recruitment of anatomic collateral is variable, and it may
be time-dependent in relation to exhaustion of autoregulatory vasodilatation and arterial
blood pressure, leading to infarct progression [66–68]. This may be particularly relevant to
carotid-related strokes, where anatomic collaterals may not be sufficiently protective as the
stroke occurrence may represent a functional exhaustion of the collateral system [56].

4.4. Duplex Sonography: Its Advantages and Central Role in Determining Patient
Management Pathway

Extracranial duplex sonography is a principal guideline-supported tool in stroke
medicine [69]. DUS simultaneously visualizes the anatomy of vessels, the causes of luminal
stenosis or occlusion, and the neighboring structures. Unlike the nowadays increasingly
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used static imaging methods (computed tomography/computed tomography angiogra-
phy, CT/CTA, and magnetic resonance imaging/magnetic resonance angiography), the
ultrasonic methods allow for the real-time assessment of hemodynamics, and also the
straightforward diagnosis of distinct extracranial vessel pathologies such as stenosis, mo-
bile thrombi, dissection, carotid web, or arteritis. DUS can also be used in pre-hospital
emergency diagnostics in acute stroke and in elective assessment of carotid plaque vulner-
ability/neovascularization by contrast-enhanced ultrasound or advanced microvascular
imaging [69]. Effective prevention is inarguably the best option for reducing the individual
and societal burden of stroke, and appropriate screening tools are integral to early detection
and prevention of carotid-related stroke [1,6,70]. DUS is safe, affordable, widely available,
and contrast- and radiation-free [59]. Other fundamental advantages of DUS are its nonin-
vasiveness, easy repeatability, and mobility [51]. These enable point-of-care use, facilitating
patient allocation and treatment decisions [51].

4.5. Inaccuracy of DUS Classic Interpretation

Despite its widespread use and proven diagnostic value, DUS has several impor-
tant limitations. These include the DUS poor performance in subclassification of carotid
stenosis cross-sectional severity; the key parameter in guideline-based clinical decision-
making [13–16,44]. Evidence shows that the accuracy of non-invasive imaging of carotid
stenosis severity is greatly overestimated in clinical practice [71]. Misclassification of steno-
sis severity with DUS will lead to some patients being operated on unnecessarily and others
being denied appropriate revascularization to prevent carotid-related stroke [72]. Results
from the present study indicate that at least part of the ‘inaccuracy’ of DUS velocities in
determining cross-sectional stenosis severity may arise from the effect of stenotic segment
length on PSV and EDV (Figures 3–5).

4.6. Stenotic Flow Velocity Determinants: From Fluid Dynamics Theory, Through Experimental
Models, to Humans

Flow velocity is driven by the pressure gradient [73]. Fluid mechanics indicate that
the flow through a stenosis is non-turbulent through the body of the stenosis but becomes
turbulent at the exit of the stenosis [74]. Thus, the total pressure gradient, driving the flow
velocity, is determined by the sum of gradients caused by the non-turbulent intrastenotic
flow and the turbulent exit flow. The variables that determine the pressure gradient relate
differently to the non-turbulent and turbulent flow [75]. The pressure gradient due to
non-turbulent flow is lineary proportional to the flow rate, whereas the gradient due
to turbulent flow is proportional to the square of flow rate [75]. In 1978 Lipscomb and
Hooten [30] published their seminal paper on the effects of lesion dimensions on flow in an
experimental model of stenosis that involved modulation of the stenosic segment length
and diameter. The kinetic energy possessed by a fluid is proportional to the product of its
density and the square of its velocity. At normal values of lumen diameter and flow rate, the
velocity is low enough to permit the kinetic energy to be disregarded. However, when the
velocity increases to pass through the decreased cross-sectional area of a stenosis, pressure is
converted to kinetic energy, and in laminar flow the velocity in the center of the flow stream
is twice the average velocity. As the fluid passes through the exit of the stenosis, the velocity
of the fluid decreases. At this point, the kinetic energy possessed by the high-velocity flow
may be totally or partially dissipated in turbulence [75,76]. The pressure gradient due
to non-turbulent flow is directly proportional to blood flow and length of stenosis. The
component of the pressure gradient due to turbulent flow occurs when the high-velocity
flow within the stenosis meets the slow-velocity flow downstream [76]. Lipscomb and
Hooten [30] found that although a relative change in diameter has a greater effect on the
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pressure gradient than a change of the stenosis length, the length of the stenotic segment is
an important variable of both non-turbulent and turbulent flow [30].

4.7. Hemodynamic Relevance of the Lesion Length: Coronary Artery Cutoffs

Feldman and colleagues [36] confirmed the importance of LL in vivo by manipulating
the stenotic segment length (1 to 15 mm) and its cross-sectional severity (60% and 90%)
in the right coronary artery in dogs. While short 60% narrowings had no significant
hemodynamic influence, increasing the stenotic segment length to 10 or 15 mm consistently
affected pressure gradients and flow, so that the effect of 15 mm-long 60% stenosis was
similar to that of a short 90% stenosis [36]. These experimental findings in the animal
model were subsequently confirmed by invasive measurements in humans, indicating a
coronary stenotic segment cutoff of ≥10 mm in length for a hemodynamic significance
of stenoses 50–70% in diameter by QA [77]. Subsequently, a study in 79 coronary lesions
of 30% to 60% DS found a correlation coefficient of −0.42 (p < 0.001) for the relationship
between functional flow reserve vs. LL, indicating a progressive reduction in functional
flow reserve with an increase in LL [78]. In the absence of a difference in mean diameter
stenosis (p = 0.78), the mean LL in hemodynamically significant lesions was 12.4 mm vs.
7.8 mm LL in lesion lengths with functional flow reserve ≥ 0.8 (p = 0.002) [78]. Kristensen
et al. [79] indicated coronary LL cutoff of ≥10 mm as a strong determinant of an abnormal
coronary functional flow reserve. The ≥10 mm coronary LL cutoff, above which LL plays
a significant hemodynamic role, is close to the ≥7 mm length threshold that we have
presently determined for functional significance of carotid lesions (Figure 4). More recently,
several studies correlating coronary lesion characteristics by CTA with invasive functional
flow reserve [80–84] demonstrated that LL taken together with cross-sectional severity
(expressed as MLA, minimal lumen diameter, or area stenosis) are strong predictors of
abnormal coronary functional flow reserve.

4.8. The Coronaries vs. Carotids: Fundamental ‘Downstream’ Differences

For a variety of reasons (including, but not limited to, differences in flow patterns and
vessel size, the differences in potential collateral alternative flow distal to the stenosis in
the coronary myocardial circulation vs. the cerebrovascular circulation), evidence from the
coronary tree may not be directly transferrable to the carotid arteries. Furthermore, the
vessel size differences are important in the computational analysis, which depicts blood as
a Newtonian fluid with a viscosity representing the relationship between shear rate and
shear stress as a linear function whereas blood, with a high concentration of particles, is
not a Newtonian fluid; this difference becomes particularly important in small conduits.

Hemodynamic effects of carotid stenosis are assessed by cerebrovascular flow reserve
with transcranial Doppler measurement of ipisilateral middle cerebral artery flow veloc-
ity using voluntary breath holding or breathing elevated concentrations of CO2 [85–88].
Exhausted CO2 reactivity correlates with the presence of carotid-related hemodynamic
infarctions [89,90]. Hemodynamic effect of anatomic stenosis severity may constitute an
important determinant of carotid-related stroke, whether hemodynamic or embolic [87].
Stent-assisted correction of severe carotid stenosis results in ipisilateral middle cerebral
artery flow velocity increase by >25% [91].

4.9. Carotid Lesion Length: Why a Missed Determinant of Stenotic Flow Velocities?

As we have not evaluated the reactivity of cerebral vessels but, rather, performed
the analysis of LL as a contributor to PSV and EDV, the results in experimental stenotic
model [30] and circumstantial observations in stenotic carotid arteries [44] may be more
relevant to our present work than the studies of cerebrovascular or coronary flow reserve.
Interestingly, already 3 decades ago Alexandrov et al. [44] suggested that the diameter
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of carotid stenosis (angiographic NASCET) may consistently underestimate the “true”
hemodynamic stenosis severity. Rather, the highest PSV in the stenotic segment would
provide a more accurate measurement of the carotid stenosis hemodynamic significance [44].
This idea is in perfect keeping with our present findings as the flow velocities incorporate
the LL effect (Figure 4). Overall, results from the present study are consistent with a
number of earlier circumstantial observations that, surprisingly, did not lead in the past
to investigating the hemodynamic effect exerted by the length of carotid stenotic segment.
Lack of such investigations is striking, particularly as the role of carotid LL has not been
ignored in several other clinically relevant aspects [92–94].

4.10. Classic DUS Interpretation Can Mislead Clinical Decisions: Evidence from Angiography

Although catheter angiography has been considered the gold standard for evaluating
the severity of carotid artery stenosis, due to (small but non-negligible) risks related to the
procedure, in current clinical practice the invasive angiogram—unless part of the therapeu-
tic procedure [1,4,95–100]—is usually reserved for select diagnostic situations [101]. The
downside is inappropriate clinical decisions as non-invasive techniques are documented
to have significant problems with determining stenosis characteristics to correctly guide
stenosis severity-based treatment choices [28,95,96,102,103]. Specifically, DUS may be
reasonably accurate at discriminating between the presence or absence of a “significant”
cross-sectional carotid artery stenosis (i.e., <50% or 50% to 99%), supporting the use of
DUS as the first-choice modality for the detection of carotid stenosis [101]. However, DUS
fails in stenosis category subclassification [18,25,27–29,101]. The latter, given the continued
guideline focus on cross-sectional lesion severity thresholds for intervention [13–16], is
particularly relevant in clinically asymptomatic patients—a cohort including those who (if
left untreated) may suffer from a future carotid-related stroke [2,7,104]. The Buffalo Group
found a relatively high (80%) positive predictive value of carotid DUS for identifying appro-
priate symptomatic (angiographic stenosis ≥50%) patients for carotid intervention, with
false-positive proportion of 20% [102]. However, DUS significantly failed in identifying
appropriate asymptomatic candidates for carotid intervention (positive predictive value for
angiographic stenosis ≥ 60% of only 59%, with a false-positive value of 41%) [102]. They
concluded that with the DUS demonstration of stenosis severity, an inappropriate surgical
intervention (carotid endarterectomy, CEA) would occur (in the absence of catheter angiog-
raphy verification) in one of every five patients with DUS studies performed exclusively
in the best ultrasound laboratories [102]. Recent evidence demonstrates that computed
tomography angiography (CTA)—even with the use of NASCET (i.e., correct [16,65]) mea-
surement technique rather than the more routine calculation of area stenosis [96,103])—may
fail to resolve this critical clinical issue [28,95]. Data by Hejnenbrok-Kal and colleagues [105]
demonstrate that the harm of performing angiographic verification in false-positive DUS
cases may be much smaller than the harm of performing unnecessary endarterectomy.
Catheter angiographic verification demonstrates a poor diagnostic accuracy of contempo-
rary carotid CTA in a recent series of cases reporting 50–70% NASCET stenosis (positive
predictive value of only 0.29, p < 0.001), indicating that “a significant number of patients
referred to CEA may undergo unnecessary surgery and may become exposed to associated potential
complications” [95]. Importantly, the room for fundamental errors in relation to stenosis
severity below the procedural indication cutoff is minimized with revascularization tech-
niques that involve, as a routine part of the procedure, angiographic verification of stenosis
severity [1,4,95–100]. Contemporary evidence shows that angiographic verification of
stenosis severity as the first step of the revascularization procedure results in aborting the
intervention (due to the absence of stenosis severity indication) in ≈20% patients scheduled
for revascularization on the basis of non-invasive imaging [97,102]. For these reasons,
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some recent suggestions to bring the old, failed concept of performing carotid surgery on
the basis of DUS imaging alone (i.e., in the absence of any verification with non-invasive
or catheter angiography) [106–109] back to contemporary clinical practice [110] need to
be considered surprising. The apparent “safety” of the procedure cannot be accepted as
replacement for a (missing, in a proportion of patients) indication. According to recent
analysis of 171,816 CEAs, one in every five patients may be undergoing CEA based on
DUS alone [110]. The finding that “performing CEA for asymptomatic bifurcation stenosis based
on DUS alone is a safe practice which achieves clinically equivalent perioperative and long-term
freedom from cerebral ischemia and mortality relative to CEA based on advanced imaging” may
be undisputable, but it is surprising to see this used—in this scenario—as an argument
to recommend CEA on the basis of DUS alone as CEA, in a significant proportion of pa-
tients, may be an unnecessary procedure [17,24,26,27,102]. A review of current practice
shows the use of 13 distinct (PSV, EDV and ratios) to grade >80% stenosis [111], consis-
tent with suboptimal accuracy of classic DUS interpretation in grading carotid stenosis
severity. Indeed, vast discrepancies between contemporary CTA and DUS were found in
a recent series of consecutive patients, so that 45.5% of those with carotid artery stenosis
of 50–69% DUS had a significantly different stenosis severity by NASCET-CTA [27]. This
is consistent with our previous work showing significant imaging modality-dependent
variations in carotid cross-sectional stenosis severity against IVUS [45] used as the gold
standard in vascular imaging [46–48]. Overall, it is clear today that particularly the patients
with carotid artery stenosis severity of “50% to 69%” by DUS require proper attention to
minimize the potential diagnostic error of DUS [101]. Our present work indicates that
at least part of the DUS error in determining cross-sectional severity may arise from the
effect of lesion length on PSV and EDV. Carotid LL should be taken into consideration
when developing algorithms that enhance carotid ultrasound image interpretation quality
and machine learning models to classify stenosis severity for automated generation of
ultrasound report [112,113]. While the present study provides corrective formulas that
include the LL effect on Doppler flow velocities, resulting in an increased precision of
cross-sectional stenosis severity determination (Graphical Abstract), DUS operators should
continue to be sensitive to other confounders, such as contralateral stenosis or occlusion,
cardiac output, blood volume and pressure, and the effect of vessel compliance/patient
age [30,34,35].

4.11. Strengths and Limitations

In a large sample of quality data [114] in consecutive patients presenting with a
“significant” carotid stenosis, we have performed a systematic evaluation of the thus-far
neglected effect of the stenotic segment length on lesional flow velocities. We found that the
LL effect is significant statistically and relevant clinically; a phenomenon that is grounded
in theoretical fluid dynamics and in prior experimental work in a stenotic flow model [30].
One limitation of the present study is that we have not investigated the role played by
the stenosis entrance angle; a parameter recently suggested to modulate the LL effect in
its relation to abnormal trans-lesional functional flow reserve in the coronary tree [84].
Similarly, we have not detaily evaluated the potential impact of distal lumen expansion and
the pressure drop due to post-stenotic turbulence marked by bruit or murmur [30]. Any
precise determination of the carotid stenosis entrance angle and the course of the distal
lumen expansion may be unfeasible when using planar angiographic images, as this angle
may not only vary in the different planes but also it may be further affected by the angle of
the angiographic imaging plane. Our use of the length of segment with ≥50% diameter
stenosis showed a qualitative effect of LL on PSV/EDV similar to that of total LL (Figure 3),
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indicating that the lesion entrance/exit phenomena may play a rather limited role in the
clinically relevant LL contribution to PSV/EDV.

Our present use of angiography for measurement of lesion length but use of IVUS for
MLA determination might be considered, by some, a limitation. Nevertheless, it needs to
be pointed out that while IVUS fails in any precise measurement of the carotid stenotic seg-
ment length (because of the IVUS transducer “jumping” artifact with systole/diastole [50]),
angiography is generally less accurate than IVUS in determination of cross-sectional steno-
sis severity (Figure 5). For these reasons our combining of an accurate technique for
cross-sectional stenosis severity determination with an adequate technique for determi-
nation of carotid lesion length [44,45] may, in fact, represent an important strength of the
present study.

The flow through the curved carotid arteries is laminar but helical [115]. In the
presence of helical flow, the validity of the Doppler angle correction may be questionable,
although universally used. Rather than testing the consistency of velocity measurements
taken from a selected location at a variety of acceptable angles to determine whether
the resulting velocity value is the same if the flow is observed from different angles,
consistent with routine clinical practice we accepted Doppler angles between 45◦ and 60◦.
In carotid stenosis, residual lumen diameter may be estimated from bruit frequency [116].
Thus, another potential limitation of our work is lack of analysis of proportion of patients
presenting with carotid bruit. Although carotid bruit may not be a reliable sign of significant
extracranial carotid artery disease (positive predictive value of 37%, false negative rate of
43%, normal carotid arteries in 32% of patients with a bruit [117,118]), a large-scale meta-
analysis suggested that auscultation for carotid bruits in patients at risk for atheroscleritic
heart disease could help select those who might benefit from an aggressive modification of
overall atherosclerotic cardiovascular risk [119].

It needs to be noted that our IVUS measurements were performed in diastole. Work
by the Ramnarine group showed a mean absolute diameter change of the stenotic carotid
artery from diastole to systole of 0.45 mm (absolute change by 6.9%) [120]. As a result of
the Venturi effect, there is significant diametric reduction during systole due to the pressure
drop within the stenotic segment lumen [121], affecting local hemodynamics and thus
potentially the PSV/EDV measurement.

While the present analysis excluded patients with contralateral carotid stenosis ≥50%
or occlusion that may be associated with increased flow velocities in the index artery [40,41],
we have been unable to correct for potential confounders of differences in cardiac out-
put [34] and vessel compliance [35]. Although such potential corrections could lead to a
“cleaner” data set, we wanted to root our analysis in clinical relevance that does not rou-
tinely correct flow-velocity-based estimation of cross-sectional stenosis severity for cardiac
output and vessel compliance. Still, with our clinical practice—focused approach, we did
find a clear and statistically significant effect of LL on PSV and EDV (Figures 3 and 4).

Last but not least, it needs to be noted that as the LL and MLA information is missing
on routine first-line Doppler examination, our present analysis is “backward” (i.e., the LL
and MLA data were obtained subsequently to Doppler examination). This, however, cannot
be considered a limitation in raising awareness, amongst the physicians and cardiovascular
technologists performing DUS examinations, of the LL contribution to PSV and EDV. A
further large-scale study is needed to evaluate, apart from the catheter angiographic and
IVUS measurements (as used in the present study), the value of taking LL from DUS
in order to correct the PSV and EDV estimation of cross-sectional severity for LL using
presently developed mathematic formulas. Ideally, the magnitude of LL effect in specific
lesion length intervals ≥7 mm needs to be further elucidated. Finally, because of the IVUS
limitation in determining lesion length at carotid bifurcation resulting from a marked
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systolic-diastolic “jumping” of the probe, we measured angiographic LL in the projection
best presenting stenotic segment length with minimal foreshortening. Possibly, a more
exact LL measurement would be taken from CTA. Nevertheless, CTA acquisition is no
longer part of routine imaging in our all our patients while we aimed for the study data to
be applicable to routine clinical practice. A further, yet larger-scale multicentric study will
need to evaluate the exact proportion of clinically symptomatic and clinically asymptomatic
all-comer patients in whom determination of the LL effect (on PSV/EDV) changes their
further diagnostic and management pathway [96]. A larger-scale data set is needed to
precisely evaluate the diagnostic accuracy of LL-corrected PSV and EDV values for the
specific clinically–relevant diameter stenosis severity thresholds/intervals (such as ≥50%,
≥70%, or ≥80%).

5. Conclusions
Despite a growing understanding of the role played by lesion morphology, according

to current guidelines the cross-sectional stenosis severity determines—along with the
presence/absence of clinical symptoms of cerebral ischemia—the treatment decisions in
patients with symptomatic and asymptomatic carotid stenosis.

This study provides, for the first time, systematic evidence that carotid longitudinal
lesion length affects PSV and EDV in addition to the well-known effect exerted by cross-
sectional stenosis severity. For carotid lesions causing ≈50–90% cross-sectional stenosis,
there is an increase in PSV and EDV with an increase in lesion length. The lesion-length
contribution to PSV and EDV may in part explain the observed “inaccuracy” of Doppler
velocities in determining cross-sectional stenosis severity; an effect that becomes significant
with lesion lengths ≥7 mm. There is a systematic lesion length–dependent overestimation
of cross-sectional severity, and the magnitude of (correctible) error increases with increasing
stenotic segment lengths (Graphical Abstract).

We determined equations that incorporate both lesion length and cross-sectional
stenosis severity in Doppler velocities and simple mathematic formulas that correct the
velocity-dependent estimation of cross-sectional stenosis severity for the effect of stenotic
segment length (Graphical Abstract). Taking into account the contribution of lesion length
to the values of lesional PSV and EDV may improve the precision of cross-sectional stenosis
severity assessment using Doppler velocities.

Physicians and cardiovascular technologists performing transcutaneous Doppler ul-
trasound evaluation of carotid stenoses—as well as those who use the PSV/EDV data
as a basis for decisions regarding their patients’ further diagnostic and management
pathway—should be aware that the PSV and EDV “numeric value [in m/s or cm/s]”
includes, beyond the component of cross-sectional stenosis severity, the component of
lesion length, so that (1) the actual cross-sectional stenosis severity may be lesser that that
conventionally inferred from PSV (EDV), and (2) the greater the lesion length, the greater
its contribution to PSV (EDV), starting with stenotic segment lengths ≥7 mm. As lesion
length can be usually estimated already at the stage of DUS examination, we advocate
including stenosis length measurement in DUS reports.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics15101259/s1, Figure S1: Angiographic verification
of carotid stenosis severity in the Graphical Abstract Patient 1 (A) and Patient 2 (B). The content of
the supplementary material is the detailed description of the Graphical Abstract and Supplementary
Figure S1.
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EDV End-Diastolic Velocity
IVUS Intravascular Ultrasound
LL Lesion Length (unless specified otherwise: total lesion length)
MLA Minimal Lumen Area
NASCET North American Symptomatic Carotid Endarterectomy Trial (method)
PAD Peripheral Arterial Disease
PSV Peak-Systolic Velocity
QA Quantitative Angiography
RD Reference Diameter
V (flow) velocity

References
1. Musialek, P.; Bonati, L.H.; Bulbulia, R.; Halliday, A.; Bock, B.; Capoccia, L.; Eckstein, H.H.; Grunwald, I.Q.; Lip, P.L.; Monteiro, A.;

et al. Stroke risk management in carotid atherosclerotic disease: A Clinical Consensus Statement of the ESC Council on Stroke
and the ESC Working Group on Aorta and Peripheral Vascular Diseases. Cardiovasc. Res. 2025, 121, 13–43. [CrossRef] [PubMed]

2. Tekieli, L.; Dzierwa, K.; Grunwald, I.Q.; Mazurek, A.; Urbanczyk-Zawadzka, M.; Wiewiorka, L.; Banys, R.P.; Dabrowski, W.;
Podlasek, A.; Weglarz, E.; et al. Outcomes in acute carotid-related stroke eligible for mechanical reperfusion: SAFEGUARD-
STROKE Registry. J. Cardiovasc. Surg. 2024, 65, 231–248. [CrossRef]

https://doi.org/10.1093/cvr/cvad135
https://www.ncbi.nlm.nih.gov/pubmed/37632337
https://doi.org/10.23736/S0021-9509.24.13093-5


Diagnostics 2025, 15, 1259 21 of 26

3. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.; Demaerschalk,
B.M.; Hoh, B.; et al. Guidelines for the Early Management of Patients with Acute Ischemic Stroke: 2019 Update to the 2018
Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline for Healthcare Professionals From the American
Heart Association/American Stroke Association. Stroke 2019, 50, e344–e418.

4. Tekieli, L.; Afanasjev, A.; Mazgaj, M.; Borodetsky, V.; Sievert, K.; Ruzsa, Z.; Knapik, M.; Širvinskas, A.; Mazurek, A.; Dzierwa, K.;
et al. A multi-center study of the MicroNET-covered stent in consecutive patients with acute carotid-related stroke: SAFEGUARD-
STROKE. Adv. Interv. Cardiol. 2024, 20, 172–193. [CrossRef] [PubMed]

5. Hosseini, A.A.; Simpson, R.J.; Altaf, N.; Bath, P.M.; Macsweeney, S.T.; Auer, D.P. Magnetic Resonance Imaging Plaque Hemorrhage
for Risk Stratification in Carotid Artery Disease with Moderate Risk Under Current Medical Therapy. Stroke 2017, 48, 678–685.
[CrossRef]

6. Paraskevas, K.I.; Musialek, P.; Lip, G.Y.H.; Chaturvedi, S. Selective Screening for Asymptomatic Carotid Artery Stenosis: An
Appraisal of the 2024 European Society of Cardiology (ESC) Guidelines Position. Am. J. Med. 2025, 138, 209–211. [CrossRef]
[PubMed]

7. Musialek, P.; Rosenfield, K.; Siddiqui, A.; Grunwald, I.Q. Carotid Stenosis and Stroke: Medicines, Stents, Surgery-“Wait-and-See”
or Protect? Thromb. Haemost. 2024, 124, 815–827. [CrossRef]

8. Brinjikji, W.; Huston, J.; Rabinstein, A.A.; Kim, G.M.; Lerman, A.; Lanzino, G. Contemporary carotid imaging: From degree of
stenosis to plaque vulnerability. J. Neurosurg. 2016, 124, 27–42. [CrossRef]

9. Dakis, K.; Nana, P.; Athanasios, C.; Spanos, K.; Konstantinos, B.; Giannoukas, A.; Kouvelos, G. Carotid Plaque Vulnerability
Diagnosis by CTA versus MRA: A Systematic Review. Diagnostics 2023, 13, 646. [CrossRef]

10. Kamtchum-Tatuene, J.; Noubiap, J.J.; Wilman, A.H.; Saqqur, M.; Shuaib, A.; Jickling, G.C. Prevalence of High-risk Plaques and
Risk of Stroke in Patients With Asymptomatic Carotid Stenosis: A Meta-analysis. JAMA Neurol. 2020, 77, 1524–1535. [CrossRef]

11. David, E.; Grazhdani, H.; Aliotta, L.; Gavazzi, L.M.; Foti, P.V.; Palmucci, S.; Inì, C.; Tiralongo, F.; Castiglione, D.; Renda, M.; et al.
Imaging of Carotid Stenosis: Where Are We Standing? Comparison of Multiparametric Ultrasound, CT Angiography, and MRI
Angiography, with Recent Developments. Diagnostics 2024, 14, 1708. [CrossRef] [PubMed]

12. Musialek, P.; Tekieli, L.; Podlasek, A. Carotid plaque characteristics and stroke risks: More questions—Or more answers? Pol.
Heart J. 2025, 83, 257–259. [CrossRef]

13. Bonati, L.H.; Kakkos, S.; Berkefeld, J.; de Borst, G.J.; Bulbulia, R.; Halliday, A.; van Herzeele, I.; Koncar, I.; McCabe, D.J.; Lal, A.;
et al. European Stroke Organisation guideline on endarterectomy and stenting for carotid artery stenosis. Eur. Stroke J. 2021, 6,
I–XLVII. [CrossRef] [PubMed]

14. AbuRahma, A.F.; Avgerinos, E.D.; Chang, R.W.; Darling, R.C., 3rd; Duncan, A.A.; Forbes, T.L.; Malas, M.B.; Murad, M.H.; Perler,
B.A.; Powell, R.J.; et al. Society for Vascular Surgery clinical practice guidelines for management of extracranial cerebrovascular
disease. J. Vasc. Surg. 2022, 75 (Suppl. S1), 4S–22S. [CrossRef] [PubMed]

15. Naylor, R.; Rantner, B.; Ancetti, S.; de Borst, G.J.; De Carlo, M.; Halliday, A.; Kakkos, S.K.; Markus, H.S.; McCabe, D.J.H.; Sillesen,
H.; et al. European Society for Vascular Surgery (ESVS) 2023 Clinical Practice Guidelines on the Management of Atherosclerotic
Carotid and Vertebral Artery Disease. Eur. J. Vasc. Endovasc. Surg. 2023, 65, 7–111. [CrossRef]

16. Mazzolai, L.; Teixido-Tura, G.; Lanzi, S.; Boc, V.; Bossone, E.; Brodmann, M.; Bura-Rivière, A.; De Backer, J.; Deglise, S.; Della
Corte, A.; et al. ESC Scientific Document Group. 2024 ESC Guidelines for the management of peripheral arterial and aortic
diseases. Eur. Heart J. 2024, 45, 3538–3700. [CrossRef]

17. Alexandrov, A.V.; Brodie, D.S.; McLean, A.; Hamilton, P.; Murphy, J.; Burns, P.N. Correlation of peak systolic velocity and
angiographic measurement of carotid stenosis revisited. Stroke 1997, 28, 339–342. [CrossRef]

18. Grant, E.G.; Duerinckx, A.J.; El Saden, S.M.; Melany, M.L.; Hathout, G.M.; Zimmerman, P.T.; Marumoto, A.K.; Cohen, S.N.; Baker,
J.D. Ability to use duplex US to quantify internal carotid arterial stenoses: Fact or fiction? Radiology 2000, 214, 247–252. [CrossRef]

19. Jahromi, A.S.; Cinà, C.S.; Liu, Y.; Clase, C.M. Sensitivity and specificity of color duplex ultrasound measurement in the estimation
of internal carotid artery stenosis: A systematic review and meta-analysis. J. Vasc. Surg. 2005, 41, 962–972. [CrossRef]

20. Von Reutern, G.M.; Goertler, M.W.; Bornstein, N.M.; Del Sette, M.; Evans, D.H.; Hetzel, A.; Kaps, M.; Perren, F.; Razumovky, A.;
von Reutern, M.; et al. Grading carotid stenosis using ultrasonic methods. Stroke 2012, 43, 916–921. [CrossRef]

21. Bluth, E.I.; Stavros, A.T.; Marich, K.W.; Wetzner, S.M.; Aufrichtig, D.; Baker, J.D. Carotid duplex sonography: A multicenter
recommendation for standardized imaging and Doppler criteria. Radiographics 1988, 8, 487–506. [CrossRef]

22. Filis, K.A.; Arko, F.R.; Johnson, B.L.; Pipinos, I.I.; Harris, E.J.; Olcott, C., 4th; Zarins, C.K. Duplex ultrasound criteria for defining
the severity of carotid stenosis. Ann. Vasc. Surg. 2002, 16, 413–421. [CrossRef]

23. Grant, E.G.; Benson, C.B.; Moneta, G.L.; Alexandrov, A.V.; Baker, J.D.; Bluth, E.I.; Carroll, B.A.; Eliasziw, M.; Gocke, J.; Hertzberg,
B.S.; et al. Carotid Artery Stenosis: Gray-Scale and Doppler US Diagnosis—Society of Radiologists in Ultrasound Consensus
Conference. Radiology 2003, 229, 340–346. [CrossRef] [PubMed]

https://doi.org/10.5114/aic.2024.140963
https://www.ncbi.nlm.nih.gov/pubmed/39022700
https://doi.org/10.1161/STROKEAHA.116.015504
https://doi.org/10.1016/j.amjmed.2024.10.033
https://www.ncbi.nlm.nih.gov/pubmed/39547462
https://doi.org/10.1055/a-1952-1159
https://doi.org/10.3171/2015.1.JNS142452
https://doi.org/10.3390/diagnostics13040646
https://doi.org/10.1001/jamaneurol.2020.2658
https://doi.org/10.3390/diagnostics14161708
https://www.ncbi.nlm.nih.gov/pubmed/39202195
https://doi.org/10.33963/v.phj.105231
https://doi.org/10.1177/23969873211012121
https://www.ncbi.nlm.nih.gov/pubmed/34414303
https://doi.org/10.1016/j.jvs.2021.04.073
https://www.ncbi.nlm.nih.gov/pubmed/34153348
https://doi.org/10.1016/j.ejvs.2022.04.011
https://doi.org/10.1093/eurheartj/ehae179
https://doi.org/10.1161/01.STR.28.2.339
https://doi.org/10.1148/radiology.214.1.r00ja27247
https://doi.org/10.1016/j.jvs.2005.02.044
https://doi.org/10.1161/STROKEAHA.111.636084
https://doi.org/10.1148/radiographics.8.3.3289100
https://doi.org/10.1007/s10016-001-0175-8
https://doi.org/10.1148/radiol.2292030516
https://www.ncbi.nlm.nih.gov/pubmed/14500855


Diagnostics 2025, 15, 1259 22 of 26

24. Oates, C.P.; Naylor, A.R.; Hartshorne, T.; Charles, S.M.; Fail, T.; Humphries, K.; Aslam, M.; Khodabakhsh, P. Joint Recommenda-
tions for Reporting Carotid Ultrasound Investigations in the United Kingdom. Eur. J. Vasc. Endovasc. Surg. 2009, 37, 251–261.
[CrossRef]

25. Beach, K.W.; Leotta, D.F.; Zierler, R.E. Carotid Doppler velocity measurements and anatomic stenosis: Correlation is futile. Vasc.
Endovasc. Surg. 2012, 46, 466–474. [CrossRef] [PubMed]

26. Bryant, C.; Pugh, N.; Coleman, D.; Morris, R.; Williams, P.; Humphries, K. Comparison of Doppler ultrasound velocity parameters
in the determination of internal carotid artery stenosis. Ultrasound 2013, 21, 124–131. [CrossRef]

27. Jogestrand, T.; Fredén-Lindqvist, J.; Lindqvist, M.; Lundgren, S.; Tillman, A.S.; Zachrisson, H. Discrepancies in recommended
criteria for grading of carotid stenosis with ultrasound. Clin. Physiol. Funct. Imaging 2016, 36, 326–329. [CrossRef]

28. Simaan, N.; Jubeh, T.; Wiegler, K.B.; Sharabi-Nov, A.; Honig, A.; Shahien, R. Comparison of Doppler Ultrasound and Comput-
erized Tomographic Angiography in Evaluation of Cervical Arteries Stenosis in Stroke Patients, a Retrospective Single-Center
Study. Diagnostics 2023, 13, 459. [CrossRef]

29. Arous, E.J.; Judelson, D.R.; Malka, K.T.; Wyman, A.S.; Simons, J.P.; Aiello, F.A.; Arous, E.J.; Schanzer, A. Carotid Duplex Velocity
Criteria Recommended by the Society of Radiologists in Ultrasound and Endorsed by the Intersocietal Accreditation Commission
Lack Predictive Ability for Identifying High-Grade Carotid Artery Stenosis. Ann. Vasc. Surg. 2019, 61, 227–232. [CrossRef]

30. Lipscomb, K.; Hooten, S. Effect of stenotic dimensions and blood flow on the hemodynamic significance of model coronary
arterial stenoses. Am. J. Cardiol. 1978, 42, 781–792. [CrossRef]

31. Azar, D.; Torres, W.M.; Davis, L.A.; Shaw, T.; Eberth, J.F.; Kolachalama, V.B.; Lessner, S.M.; Shazly, T. Geometric determinants of
local hemodynamics in severe carotid artery stenosis. Comput. Biol. Med. 2019, 114, 103436. [CrossRef] [PubMed]

32. Liu, Y.; Jiang, G.; Wang, X.; An, X.; Wang, F. The relationship between geometry and hemodynamics of the stenotic carotid artery
based on computational fluid dynamics. Clin. Neurol. Neurosurg. 2023, 231, 107860. [CrossRef] [PubMed]

33. Siogkas, P.K.; Pleouras, D.; Pezoulas, V.; Kigka, V.; Tsakanikas, V.; Fotiou, E.; Potsika, V.; Charalampopoulos, G.; Galyfos, G.; Sigala,
F.; et al. Combining Computational Fluid Dynamics, Structural Analysis, and Machine Learning to Predict Cerebrovascular
Events: A Mild ML Approach. Diagnostics 2024, 14, 2204. [CrossRef]

34. Van Everdingen, K.J.; Van der Grond, J.; Kappelle, L.J. Overestimation of a stenosis in the internal carotid artery by duplex
sonography caused by an increase in volume flow. J. Vasc. Surg. 1998, 27, 479–485. [CrossRef]

35. Schreuder, F.H.; Mess, W.H.; Hoeks, A.P. Ageing affects the accuracy of duplex ultrasonography in grading carotid artery stenosis.
Cerebrovasc. Dis. 2009, 27, 75–83. [CrossRef]

36. Feldman, R.L.; Nichols, W.W.; Pepine, C.J.; Conti, C.R. Hemodynamic significance of the length of a coronary arterial narrowing.
Am. J. Cardiol. 1978, 41, 865–871. [CrossRef]

37. Mohebali, J.; Patel, V.I.; Romero, J.M.; Hannon, K.M.; Jaff, M.R.; Cambria, R.P.; LaMuraglia, G.M. Acoustic shadowing impairs
accurate characterization of stenosis in carotid ultrasound examinations. J. Vasc. Surg. 2015, 62, 1236–1244. [CrossRef] [PubMed]

38. Mazurek, A.; Partyka, L.; Trystula, M.; Jakala, J.; Proniewska, K.; Borratynska, A.; Tomaszewski, T.; Slezak, M.; Malinowski,
K.P.; Drazkiewicz, T.; et al. Highly-calcific carotid lesions endovascular management in symptomatic and increased-stroke-
risk asymptomatic patients using the CGuard dual-layer carotid stent system: Analysis from the PARADIGM study. Catheter.
Cardiovasc. Interv. 2019, 94, 149–156. [CrossRef] [PubMed]

39. Morales, M.M.; Anacleto, A.; Filho, C.M.; Ledesma, S.; Aldrovani, M.; Wolosker, N. Peak Systolic Velocity for Calcified Plaques
Fails to Estimate Carotid Stenosis Degree. Ann. Vasc. Surg. 2019, 59, 1–4. [CrossRef]

40. Fujitani, R.M.; Mills, J.L.; Wang, L.M.; Taylor, S.M. The effect of unilateral internal carotid arterial occlusion upon contralateral
duplex study: Criteria for accurate interpretation. J. Vasc. Surg. 1992, 16, 459–467. [CrossRef]

41. AbuRahma, A.F.; Richmond, B.K.; Robinson, P.A.; Khan, S.; Pollack, J.A.; Alberts, S. Effect of contralateral severe stenosis or
carotid occlusion on duplex criteria of ipsilateral stenoses: Comparative study of various duplex parameters. J. Vasc. Surg. 1995,
22, 751–761. [CrossRef] [PubMed]

42. Henderson, R.D.; Steinman, D.A.; Eliasziw, M.; Barnett, H.J. Effect of contralateral carotid artery stenosis on carotid ultrasound
velocity measurements. Stroke 2000, 31, 2636–2640. [CrossRef]

43. Nicolaides, A.N.; Shifrin, E.G.; Bradbury, A.; Dhanjil, S.; Griffin, M.; Belcaro, G.; Williams, M. Angiographic and duplex grading
of internal carotid stenosis: Can we overcome the confusion? J. Endovasc. Surg. 1996, 3, 158–165. [CrossRef]

44. Alexandrov, A.V.; Bladin, C.F.; Maggisano, R.; Norris, J.W. Measuring carotid stenosis. Time for a reappraisal. Stroke 1993, 24,
1292–1296. [CrossRef] [PubMed]

45. Tekieli, L.; Kablak-Ziembicka, A.; Dabrowski, W.; Dzierwa, K.; Moczulski, Z.; Urbanczyk-Zawadzka, M.; Mazurek, A.; Stefaniak,
J.; Paluszek, P.; Krupinski, M.; et al. Imaging modality-dependent carotid stenosis severity variations against intravascular
ultrasound as a reference: Carotid Artery intravasculaR Ultrasound Study (CARUS). Int. J. Cardiovasc. Imaging 2023, 39, 1909–1920.
[CrossRef]

46. Waller, B.F.; Pinkerton, C.A.; Slack, J.D. Intravascular ultrasound: A histological study of vessels during life. The new “gold
standard” for vascular imaging. Circulation 1992, 85, 2305–2310. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ejvs.2008.10.015
https://doi.org/10.1177/1538574412452159
https://www.ncbi.nlm.nih.gov/pubmed/22786979
https://doi.org/10.1177/1742271X13496680
https://doi.org/10.1111/cpf.12236
https://doi.org/10.3390/diagnostics13030459
https://doi.org/10.1016/j.avsg.2019.05.051
https://doi.org/10.1016/0002-9149(78)90098-X
https://doi.org/10.1016/j.compbiomed.2019.103436
https://www.ncbi.nlm.nih.gov/pubmed/31521900
https://doi.org/10.1016/j.clineuro.2023.107860
https://www.ncbi.nlm.nih.gov/pubmed/37390570
https://doi.org/10.3390/diagnostics14192204
https://doi.org/10.1016/S0741-5214(98)99999-2
https://doi.org/10.1159/000172637
https://doi.org/10.1016/0002-9149(78)90726-9
https://doi.org/10.1016/j.jvs.2015.06.137
https://www.ncbi.nlm.nih.gov/pubmed/26506272
https://doi.org/10.1002/ccd.28219
https://www.ncbi.nlm.nih.gov/pubmed/30945420
https://doi.org/10.1016/j.avsg.2018.12.086
https://doi.org/10.1016/0741-5214(92)90382-I
https://doi.org/10.1016/S0741-5214(95)70066-8
https://www.ncbi.nlm.nih.gov/pubmed/8523610
https://doi.org/10.1161/01.STR.31.11.2636
https://doi.org/10.1583/1074-6218(1996)003%3C0158:AADGIC%3E2.0.CO;2
https://doi.org/10.1161/01.STR.24.9.1292
https://www.ncbi.nlm.nih.gov/pubmed/8362420
https://doi.org/10.1007/s10554-023-02875-1
https://doi.org/10.1161/01.CIR.85.6.2305
https://www.ncbi.nlm.nih.gov/pubmed/1591845


Diagnostics 2025, 15, 1259 23 of 26

47. Lee, J.T.; White, R.A. Basics of intravascular ultrasound: An essential tool for the endovascular surgeon. Semin. Vasc. Surg. 2004,
17, 110–118. [CrossRef]

48. Zacharatos, H.; Hassan, A.E.; Qureshi, A.I. Intravascular ultrasound: Principles and cerebrovascular applications. Am. J.
Neuroradiol. 2010, 31, 586–597. [CrossRef]

49. Musialek, P.; Pieniazek, P.; Tracz, W.; Tekieli, L.; Przewlocki, T.; Kablak-Ziembicka, A.; Motyl, R.; Moczulski, Z.; Stepniewski, J.;
Trystula, M.; et al. Safety of embolic protection device-assisted and unprotected intravascular ultrasound in evaluating carotid
artery atherosclerotic lesions. Med. Sci. Monit. 2012, 18, 2. [CrossRef]

50. Musialek, P.; Dabrowski, W.; Mazurek, A.; Tekieli, L.; Banys, R.P.; Rigla Cros, J.J.; Stefaniak, J. Quantitative Virtual Histology for
In Vivo Evaluation of Human Atherosclerosis—A Plaque Biomechanics-Based Novel Image Analysis Algorithm: Validation and
Applications to Atherosclerosis Research. In Intravascular Ultrasound; Elsevier: Amsterdam, The Netherlands, 2020; pp. 71–96.

51. Executive Committee for the Asymptomatic Carotid Atherosclerosis Study. Endarterectomy for asymptomatic carotid artery
stenosis. JAMA 1995, 273, 1421–1428. [CrossRef]

52. Halliday, A.; Mansfield, A.; Marro, J.; Peto, C.; Peto, R.; Potter, J.; Thomas, D. MRC Asymptomatic Carotid Surgery Trial (ACST)
Collaborative Group. Prevention of disabling and fatal strokes by successful carotid endarterectomy in patients without recent
neurological symptoms: Randomised controlled trial. Lancet 2004, 363, 1491–1502. [PubMed]

53. Dzierwa, K.; Capoccia, L.; Knapik, M.; Tekieli, L.; Podlasek, A.; Mazgaj, M.; Sanczuk, T.; Afanasiev, A.; Zidan, M.; Mansour, W.;
et al. Saving the brain in carotid-related stroke: Patient pathways, treatment strategies. J. Cardiovasc. Surg. 2025; in press.

54. Forjoe, T.; Asad Rahi, M. Systematic review of preoperative carotid duplex ultrasound compared with computed tomography
carotid angiography for carotid endarterectomy. Ann. R Coll. Surg. Engl. 2019, 101, 141–149. [CrossRef] [PubMed]

55. Lengyel, B.; Magyar-Stang, R.; Pál, H.; Debreczeni, R.; Sándor, Á.D.; Székely, A.; Gyürki, D.; Csippa, B.; István, L.; Kovács, I.;
et al. Non-Invasive Tools in Perioperative Stroke Risk Assessment for Asymptomatic Carotid Artery Stenosis with a Focus on the
Circle of Willis. J. Clin. Med. 2024, 13, 2487. [CrossRef]

56. Maguida, G.; Shuaib, A. Collateral Circulation in Ischemic Stroke: An Updated Review. J. Stroke 2023, 25, 179–198. [CrossRef]
[PubMed]

57. Mangiardi, M.; Bonura, A.; Iaccarino, G.; Alessiani, M.; Bravi, M.C.; Crupi, D.; Pezzella, F.R.; Fabiano, S.; Pampana, E.; Stilo, F.;
et al. The Pathophysiology of Collateral Circulation in Acute Ischemic Stroke. Diagnostics 2023, 13, 2425. [CrossRef]

58. Miralles, M.; Dolz, J.L.; Cotillas, J.; Aldoma, J.; Santiso, M.A.; Giménez, A.; Capdevila, A.; Cairols, M.A. The role of the circle of
Willis in carotid occlusion: Assessment with phase contrast MR angiography and transcranial duplex. Eur. J. Vasc. Endovasc. Surg.
1995, 10, 424–430. [CrossRef]

59. Murray, C.S.G.; Nahar, T.; Kalashyan, H.; Becher, H.; Nanda, N.C. Ultrasound assessment of carotid arteries: Current concepts,
methodologies, diagnostic criteria, and technological advancements. Echocardiography 2018, 35, 2079–2091. [CrossRef]

60. Širvinskas, A.; Lengvenis, G.; Ledas, G.; Mosenko, V.; Lukoševičius, S. Circle of Willis Configuration and Thrombus Localization
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