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Purpose: Carotid artery properties can be evaluated with high accuracy and
reproducibility using multiple M-line ultrasound. However, the cost of multiple
M-line-based imaging modalities and the extensive operator expertise requirements
hamper the large-scale application for arterial properties assessment, particularly in
resource-constrained settings. This study is aimed to assess the performance of a single
M-line approach as an affordable and easy-to-use alternative to multiple M-line imaging
for screening purposes.

Methods: We used triplicate longitudinal common carotid artery (CCA) ultrasound
recordings (17 M-lines covering about 16 mm, at 500 frames per second) of 500 subjects
from The Maastricht Study to assess the validity and reproducibility of a single against
multiple M-line approach. The multiple M-line measures were obtained by averaging over
all available 17 lines, whereas the middle M-line was used as a proxy for the single
M-line approach.

Results: Diameter, intima-media thickness (IMT), and Young’s elastic modulus (YEM)
were not significantly different between the single and multiple M-line approaches (p >
0.07). Distension and distensibility coefficient (DC) did differ significantly (o < 0.001),
however, differences were technically irrelevant. Similarly, Bland-Altman analysis revealed
good agreement between the two approaches. The single M-line approach, compared
to multiple M-line, exhibited an acceptable reproducibility coefficient of variation (CV) for
diameter (2.5 vs. 2.2%), IMT (11.9 vs. 7.9%), distension (10 vs. 9.4%), DC (10.9 vs.
10.2%), and YEM (26.5 vs. 20.5%). Furthermore, in our study population, both methods
showed a similar capability to detect age-related differences in arterial stiffness.

Conclusion:  Single M-line ultrasound appears to be a promising tool to
estimate anatomical and functional CCA properties with very acceptable validity and
reproducibility. Based on our results, we might infer that image-free, single M-line tools
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could be suited for screening and for performing population studies in low-resource
settings worldwide. Whether the comparison between single and multiple M-line devices
will yield similar findings requires further study.

Keywords: arterial stiffness, common carotid artery, echo tracking, reproducibility, vascular risk management,

vascular ultrasound

INTRODUCTION

Cardiovascular (CV) diseases are the leading cause of global
mortality. An estimated global CV mortality of 17.9 million
was recorded in 2019 (World Health Organization, 2021), with
lower- and middle income (LMI) countries accounting for three
times more CV cases than high-income countries (Jagannathan
et al,, 2019). Compared to previous decades, there has been
a downward trend in CV mortality in developed countries.
However, the rate of CV deaths in LMI countries has remained
constant, mainly driven by the low detection rate of early-stage
CV diseases in these regions (Jagannathan et al., 2019). Early
detection of CV diseases facilitates early intervention and is,
hence, necessary to reduce the global burden of CV diseases.

Arterial stiffness is recognized as an important predictor of CV
diseases at their early stages. By contributing to elevated systolic
blood pressure and increased cardiac afterload, an increased
arterial stiffness causes CV diseases (Engelen et al, 2015).
Increased arterial stiffness is associated with an enhanced risk
of coronary heart disease, cerebrovascular events, and all-cause
mortality (Laurent et al., 2001; Mattace-Raso et al., 2006; Karras
et al., 2012; Steinbuch et al., 2016).

Carotid-femoral pulse wave velocity is considered to be the
gold-standard measurement of arterial stiffness (Laurent et al.,
2006). It represents the average stiffness over a long trajectory of
the arterial tree. This trajectory, however, involves both central
elastic and more muscular arteries (Engelen et al., 2015). The
stiffness of these arteries may differently relate to CV diseases
(Engelen et al,, 2015). In addition, atherosclerotic plaques may
result in a local modification of the stiffness, while the rest of
the arterial tree remains intact (Hermeling, 2009). Therefore, it
might be of particular interest to separately measure the stiffness
of different arteries. Common carotid artery (CCA) stiffness,
defined as distensibility coefficient (DC), is an independent
predictor of CV events and all-cause mortality (Alan et al., 2003;
Godia et al., 2007; Yuan et al., 2016; Joseph et al., 2020b).

The common practice of estimating local arterial stiffness
involves measuring the instantaneous change in carotid
diameter—termed distension—by means of ultrasound echo
tracking. Combined with a local pulse pressure (PP) estimate,
one obtains DC and Youngs elastic modulus (YEM). The
evaluation of local carotid stiffness requires accurate and precise
tracking of the arterial wall. Conventionally, the tracking is
based either on the edges of the arterial wall from a B-mode
video recording or on the phase of multiple M-line recording.
While scanners based on the former technique are limited by
the temporal resolution of B-mode recordings, scanners based
on phase tracking are costly and depend on the expertise of
the operator. This limits their applicability to a small number

of specialized hospitals. Both types of scanners, therefore, do
not meet the pressing need for a screening tool in low-resource
areas. Devices based on a single M-line (Joseph et al., 2020a) are
affordable and accessible tools that are promising for diagnosis
and screening in LMI countries.

The question that can be asked is whether carotid properties
obtained with single M-line-based scanners are as accurate
and reproducible as those obtained with multiple M-line-based
scanners. Therefore, the aim of this study was to compare the
performance of a single against a multiple M-line approach. For
this purpose, we exploited existing multiple M-line image-based
recordings and used the middle M-line as a proxy for single M-
line-based devices. More specifically, we: (1) assessed the validity
and compared the reproducibility of our proxy against a multiple
M-line approach, and (2) compared the capacity of both methods
to determine age-associated changes in stiffness.

MATERIALS AND METHODS

Study Subjects

In this study, we utilized data from The Maastricht Study,
an ongoing, observational, prospective, population-based cohort
study. It includes residents of the southern part of the
Netherlands aged between 40 and 75 years. Its rationale,
methodology, and design have been described in Schram
et al. (2014). Briefly, the study focuses on the causation,
pathophysiology, complications, and comorbidities of type 2
diabetes. The present study includes 500 participants randomly
selected from over 7,000 subjects recruited in the first round of
the study. In all selected subjects, three repeated measurements
were performed (in accordance with the study protocol). Subject
characteristics are presented in Table 1. The Maastricht Study has
been approved by the institutional medical ethical committee and
the Netherlands Health Council. Written informed consent was
obtained from all participants prior to the study.

Data Acquisition

All vascular measurements were performed by trained
technicians in temperature-controlled rooms (21-23°C) as
described in Wijnands et al. (2015) and Zhou et al. (2018).
Participants were asked to abstain from smoking and caffeine-
containing beverages 3h prior to the study (Wijnands et al.,
2015). Vascular measurements were performed in the supine
position after 10 min of rest. Repeated longitudinal ultrasound
measurements of the left CCA were performed at least 1cm
proximally from the bifurcation using a Mylab70 scanner (Esaote
Europe, Maastricht, The Netherlands) with a 7.5 MHz linear
array transducer. During ultrasound measurements, systolic
and diastolic pressure of the brachial artery was measured
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TABLE 1 | Characteristics of the study population.

N 499
Age (years) 60 + 8
Men (%) 52
Women (%) 48
BMI (kg/m?) 26+ 4
Weight (kg) 78 £ 15
Height (cm) 172+ 9
Systolic blood pressure (mmHg) 127 £ 14
Diastolic blood pressure (mmHg) 75+7
Pulse pressure (mmHg) 52 £ 10
Heart rate (beats/min) 62+ 9
History of cardiovascular disease (%) 15.4

Values are presented as mean + SD or percentage as appropriate.

with an oscillometric blood pressure monitor (Accutorr Plus,
Datascope Inc., Montvale, NJ, USA). Next, PP was calculated
as the difference between systolic and diastolic blood pressures.
The average of pressure measurements performed at 5-min
intervals during the vascular examination (lasting ~45 min) was
considered for further analysis (Geijselaers et al., 2016).

Arterial Wall Tracking

The scanner enabled the recording of radiofrequency (RF) signals
in fast B-mode with a frame rate of 498 Hz. Although this very
high frame rate enables high precision in wall tracking (Meinders
etal., 2003), it comes at the cost of a reduced number of recording
positions in the longitudinal plane (17 M-lines, separated by
0.96 mm, covering 16.32mm). This results in a reduction of
the longitudinal resolution while retaining information along
the entire length of the imaged vessel. For off-line processing,
RF signals were fed into a PC-based acquisition system that
was coupled with the scanner (ART.LAB, Esaote Europe B.V.
Maastricht, the Netherlands) (Wijnands et al., 2015; Geijselaers
et al, 2016). RF signals were sampled at 50 MHz. During
measurements, a video was depicted on the screen of the PC
and an online tracking algorithm showed real-time instantaneous
displacement of the arterial wall to assist the operator in orienting
the ultrasound probe and obtaining high-quality RF signals. The
RF signals were processed in MATLAB (version 7.5, Mathworks,
Natick, MA, USA) using a wall-tracking system (WTS), which
follows steps that were previously described in Hoeks et al. (1990,
1997). In brief, intima-media thickness (IMT) is assessed in the
far wall by estimating the difference in position between the
leading edge of the lumen intima echo and the leading edge
of the media-adventitia echo during diastole (Willekes et al.,
1999). Diameter is defined as the distance between the trailing
edge of the anterior and leading edge of the posterior wall
media-adventitia echoes obtained during diastole. The distension
waveforms were obtained by tracking the displacement of the
media-adventitia transition in the anterior and posterior walls.
This was achieved by employing an efficient and commonly
used complex cross-correlation model on the phase of the
corresponding RF signal (Brands et al., 1997; Meinders et al,,
2001; Steinbuch et al., 2016).

Carotid artery

prox

M-line no.

12 3 4567 8 9101112131415 1617

FIGURE 1 | Fast B-mode ultrasound recording of the common carotid artery
with the 17 M-lines indicated. The middle M-line (no. 9) was selected as a
proxy for a single M-line device and is indicated by dashed (yellow) lines.

The WTS performs the abovementioned procedure and
estimates the wall properties for each M-line separately.
Conventionally, the average over all individual M-lines is
considered for each parameter (Meinders and Hoeks, 2004).
We refer to this method as the multiple M-line approach. As
described in the introduction, we used the middle M-line as a
proxy for an image-free single M-line device, which is referred to
as the single M-line approach (Figure 1).

The simultaneous assessment of the geometrical parameters,
such as diameter, wall thickness, and changes in diameter, in
combination with PP, enables the quantification of the local
mechanical characteristics of the vessel wall. DC is the relative
change in vessel cross-sectional area for a given increase in
pressure (Hoeks et al., 1990). YEM reflects the stiffness of a vessel
as a function of diastolic diameter, a relative increase in diameter,
IMT, and PP (Hoeks et al., 1997). These indices are defined as
(Zhou et al., 2018):

2DAD + AD?
DC= —/—/— 1
PP*D?2 M
YEM = D/(IMT*DC) (2)

where D is the diastolic diameter; AD is the distension; PP is the
brachial pulse pressure; and IMT is the intima-media thickness.

Statistical Analyses
Statistical analyses were performed using SPSS version 27 (SPSS,
Chicago, IL, USA). To validate the single M-line against the
multiple M-line approach, a comparative analysis was performed.
The multiple M-line approach was considered as a reference
against which we evaluated the performance of the single M-
line approach. This analysis included geometrical parameters and
mechanical characteristics of the CCA. The validity of the single
M-line approach was evaluated in two ways. First, Bland-Altman
analysis was employed to assess the agreement between the two
methods. Subsequently, a paired t-test was employed to assess
the differences between single and multiple M-line approaches. A
two-sided p-value <0.05 was considered statistically significant.
The reproducibility of the single M-line approach was
assessed using the intra-subject SD of repeated measurements.
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In addition, the coefficient of variation (CV) was calculated
as [(intra-subject SD/group mean) x 100%]. The computation
of within-subject and between-subject SDs has been described
previously in Rodbard (1974). Composite SD (SDc¢omp), which
represents the expected between-subject variation for a sample
of repeated measurements (nrpp), is evaluated using the
within-subject SD (SDy,) and between-subject SD (SDy,) using
the formula:

SD,,>
SDy2 + —~ (3)

SD comp — "
rep

Equation (3) estimates the expected composite SD for any
number of repetitions, e.g., to be utilized for power calculations
in future studies.

We considered the middle M-line of a fast B-mode recording
to be representative of a single M-line used in an image-free
screening tool. However, with an imageless device, the position
and orientation of the single M-line relative to the CCA are
less controlled. Therefore, we performed a sensitivity analysis
exploring the performance of other single M-lines. Additionally,
we explored the influence of averaging different quantiles of M-
lines on the validity and reproducibility of carotid properties.
This was achieved by employing an averaging window around
M-line 9 with increasing width from 1 to 15 M-lines using
2-line steps.

Multiple studies have firmly established an age-associated
increase in arterial stiffness (Avolio et al., 1983, 1985; Kawasaki
et al., 1987). Hence, we extended our evaluation by assessing the
capability of the single M-line approach to detect the stiffness
increase with age within our study population. To this end,
study subjects were divided into two age groups (<60 and >60
years), and an independent sample ¢-test was employed to test for
differences in stiffness measures between age groups. A similar
procedure was applied to the multiple M-line approach to allow
comparison between the two methods. The capability of the two
methods to detect the increase in stiffness was compared using
repeated-measures ANOVA.

RESULTS

Among the 500 subjects included in the study, one patient was
excluded from all statistical analyses due to motion artifacts in
the corresponding recording.

Validity and Reproducibility of the Single
M-Line Approach

Reproducibility statistics were calculated based on three repeated
measurements. These statistics that include the 25-75% CI
obtained using bootstrapping are presented in Table 2. The
composite SD was also computed using the within-subject and
between-subject SDs. Although there was a significant difference
between the intra-subject SDs obtained by the single and multiple
M-line approaches, with the SD for multiple M-line being slightly
lower (better), both tracking methods exhibited very low within-
subject SD for carotid diameter (0.19 vs. 0.17 mm). The carotid
diameter was similar for both single and multiple M-line

approaches (7.79 4 0.91 vs. 7.80 = 0.90 mm, p = 0.34). Moreover,
the Bland-Altman analysis shown in Figure 2A also revealed
a good agreement between the single and multiple M-line
approaches for estimating diameter (95% limits of agreement:
—0.18 t0 0.19 mm).

The single M-line approach yielded a significantly higher
intra-subject SD for IMT compared to multiple M-line (0.10 vs.
0.07mm, p < 0.001). However, the Bland-Altman plot shown in
Figure 2B demonstrates a good agreement between single and
multiple M-line approaches for IMT (95% limits of agreement:
—0.13 to 0.12 mm), with no significant bias between single and
multiple M-line-derived IMT (0.86 & 0.20 vs. 0.85 & 0.18 mm,
p =0.07).

Compared to when using multiple M-lines, the single M-
line approach resulted in a significantly higher intra-subject SD
for distension (39 vs. 36 um, p < 0.001) and DC (1.67 vs.
1.55 1/MPa, p < 0.001). Similarly, the single M-line method
yielded clinically irrelevant but significantly higher distension
and DC (389 =+ 132 vs. 385 £ 128 um, and 15.3 £ 5.5 vs.
152 £ 5.3 1/MPa, respectively, p < 0.001). Nevertheless, the
Bland-Altman analysis (Figures 2C,D) revealed good agreement
between the single and the multiple M-line approach (95% limits
of agreement: —42 to 34 pum and —1.8 to 1.5 1/MPa for distension
and DC, respectively).

The intra-subject SD of YEM obtained by the single M-
line was significantly higher than that achieved with multiple
M-lines (0.19 vs. 0.15 MPa, p < 0.001). However, the Bland-
Altman plot shown in Figure 2E reveals good agreement between
single and multiple M-line approaches for YEM (95% limits of
agreement: —0.22 to 0.22 MPa). This finding is corroborated by
their non-significant difference (0.70 £ 0.33 vs. 0.71 £ 0.30 MPa,
p=10.90).

Sensitivity Analysis

Figures 3A-C shows how the choice of the single M-line
(among the 17 available) affects the 95% limits of agreement
between single and multiple M-line approaches for diameter,
IMT, and distension, respectively. It is clearly visible that, in
comparison with the outermost M-lines, the innermost M-lines
showed a better agreement with the multiple M-line approach
in terms of limits of agreements derived from Bland-Altman
analysis. Moreover, as depicted in Figures 3D-F, central M-
lines yielded better reproducibility (lower CVs) compared to the
outermost M-lines.

Effect of Averaging Multiple M-Lines

The spatial averaging window starts at the middle line and
extends toward the edges in steps of 2 lines. It is clearly
visible from Figure 4 that including more M-lines resulted in
narrower limits of agreement and lower (better) reproducibility
CVs for diameter, IMT, and distension. Reproducibility curves
(Figures 4D-F) have a higher slope in the first section,
indicating a pronounced effect of the innermost lines on the
reproducibility of carotid property measurements compared to
the outermost lines.
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TABLE 2 | Common carotid artery properties as determined by single and multiple M-line approaches.

Single M-line Multiple M-line p-value
Carotid diameter Diameter (mm) 7.79 + 0.91 7.80 +0.90 0.34
Intra-subject SD (mm) 0.19 (0.18-0.20) 0.17 (0.16-0.18) <0.001
CV (%) 2.5 (2.4-2.6) 2.2 (2.1-2.3)
Between subject SD (mm) 0.90 (0.87-0.92) 0.89 (0.86-0.91)
CV (%) 11.5 (11.2-11.8) 11.4 (11.1-11.7)
Composite (Nrep = 3) SD (mm) 0.90 (0.88-0.93) 0.89 (0.87-0.92)
CV (%) 11.6 (11.3-11.9) 11.5(11.2-11.8)
Carotid IMT IMT (mm) 0.86 &+ 0.20 0.85+0.18 0.07
Intra-subject SD (mm) 0.10 (0.10-11) 0.07 (0.06-0.07) <0.001
CV (%) 11.9 (11.6-12.3) 7.9(7.6-8.2)
Between subject SD (mm) 0.18(0.17-0.19) 0.17 (0.17-0.18)
CV (%) 21.2 (20.1-22.0) 20.4 (19.4-21.2)
Composite (rep = 3) SD (um) 0.19 (0.18-0.20) 0.18 (0.17-0.19)
CV (%) 22.3 (21.8-23.5) 20.9 (20.2-21.9)
Carotid distension Distension (um) 389 + 132 385 + 128 <0.001
Intra-subject SD (um) 39 (37-40) 36 (35-37) <0.001
CV (%) 10.0 (9.6-10.3) 9.4 (9.0-9.7)
Between subject SD (um) 129 (125-132) 126 (122-129)
CV (%) 33.2 (32.3-34.0) 32.7 (31.8-33.5)
Composite (rep = 3) SD (um) 131 (127-134) 127 (123-131)
CV (%) 33.7 (33.0-34.7) 33.1 (32.4-34.1)
Carotid distensibility coefficient DC (1/MPa) 15.3+5.5 1562 +53 <0.001
Intra-subject SD (1/MPa) 1.67 (1.61-1.72) 1.55 (1.49-1.60) <0.001
CV (%) 10.9 (10.5-11.2) 10.2 (9.9-10.6)
Between subject SD (1/MPa) 5.32 (5.15-5.47) 5.17 (6.00-5.31)
CV (%) 34.8 (33.8-35.6) 34.2 (33.2-35.0)
Composite (Nrep = 3) SD (1/MPa) 5.41 (5.24-5.55) 5.24 (56.07-5.38)
CV (%) 35.4 (34.7-36.5) 34.7 (34.0-35.8)
Carotid YEM YEM (MPa) 0.70 +£0.33 0.71 £0.30 0.90
Intra-subject SD (MPa) 0.19(0.18-0.20) 0.15(0.13-0.16) <0.001
CV (%) 26.5 (24.7-27.9) 20.5 (18.7-21.8)
Between subject SD (MPa) 0.32 (0.30-0.33) 0.29 (0.28-0.30)
CV (%) 44.4 (41.8-46.3) 41.0 (39.5-42.2)
Composite (rep = 3) SD (MPa) 0.34 (0.32-0.35) 0.30 (0.29-0.32)
CV (%) 46.9 (45.6-50.1) 42.6 (41.9-44.7)

Values are expressed as mean + SD. p-value based on paired sample t-test. Reproducibility statistics are presented that includes the 25-75% Cl (obtained using bootstrapping) between

parentheses. SD, standard deviation; CV, coefficient of variation; IMT, intima-media thickness,; YEM, young’s elastic modulus; DC, distensibility coefficient.

The Capacity of the Single M-Line
Approach to Detect an Age-Related
Increase in Stiffness

Distensibility coefficient and YEM values for subjects below
or above 60 years of age and the inter-group differences are
presented in Table 3. Both single and multiple M-line approaches
showed the ability to detect an increase in stiffness with aging.
Both methods revealed a significant reduction in DC as a
function of age (single: difference 2.97 1/MPa, t-test: p < 0.001;
multiple: difference 3.00 1/MPa, t-test: p < 0.001). Similarly,
both single and multiple M-line approaches revealed a significant
increase of YEM with age (single: difference 0.758 MPa, t-test: p
< 0.001; multiple M-line: difference 0.756 MPa, t-test: p < 0.001).

The capability to detect the age-associated increase in stiffness
was comparable for the single and multiple M-line approaches
(DC:3.00vs.2.97 1/MPa, ANOVA, p=0.71; YEM: 0.120 vs. 0.115
MPa, ANOVA, p =0.71).

DISCUSSION

In the present study, we evaluated the performance of single
M-line ultrasound for estimating CCA properties taking multiple
M-line as reference. Our evaluation showed that, although using
a single M-line tends to generate less reproducible measures,
the Bland-Altman analysis revealed good agreement between
the single and multiple M-line approaches, with no significant
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bias for diameter, IMT, and YEM. Despite statistically significant
biases for distension and DC, these were notably lower than
the reproducibility CVs and, hence, practically irrelevant. Our
results indicate that a single M-line-based technique evaluates
CCA properties with sufficient validity and reproducibility for
clinical use and screening purposes.

The cost of WTS, in combination with the required
extensive operator expertise, hampers the large-scale application
of arterial properties for screening purposes. Although
single M-line-based scanners are not a technical novelty
(Palombo et al, 2012), their affordability, user-friendliness,
and accessibility form a basis for the wider application of
arterial property screening in resource-limited settings (Joseph
et al.,, 2020a). However, because single M-line-based scanners

are image-free, they miss image-based features present in
multiple M-line-based scanners such as plaque detection
and characterization.

In principle, using a single M-line ultrasound without an
image displayed on the screen implies increased operator
dependency compared to that of multiple M-line image-based
tools. However, to minimize operator dependency, single M-line
tools visualize the RF signal together with real-time tracking of
the arterial wall. Moreover, they also provide a signal quality score
to ensure that the echos are coming from the carotid walls and
that the probe is perpendicular to the walls (Joseph et al., 2020a).
These together act as a feedback to guide the operator to orient
the probe and reduce operator dependency induced by the lack
of image feedback.
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This is the first study to compare the performance of a single
M-line against a multiple M-line approach in a single recording
performed to measure carotid artery characteristics. In an earlier
study, Palombo et al. (2012) compared two different image-based
devices: one with a single M-line and one with multiple M-lines.
The authors reported significant biases for diameter, distension,
and beta stiffness index obtained utilizing the two devices. They
explained the significant bias in carotid distension by the variance
in the placement of the tracking points between the two systems.
We did not encounter this issue in our study, since the single and
multiple M-line estimates are based on a single recording and
tracking was performed on all the M-lines simultaneously with
the same tracking points.

Though the differences in distension and DC between single
and multiple M-line were statistically significant, the values
obtained by single and multiple M-line approaches were highly
correlated (r = 0.99, p < 0.001). Moreover, considering a
resolution of about 20 wm of the wall-tracking algorithm (Hoeks
et al., 1990), the observed distension bias of 4 jum is technically
and practically irrelevant. The observed statistical differences
in distension and DC are clearly due to the large sample size
and consequently high study power. These differences between
single and multiple M-line approaches, however, are smaller than
the reproducibility of both methods and, hence, also irrelevant
when measuring or monitoring a single subject. The limits of
agreement of the single and multiple M-line methods do not
exceed 45 pum (about twice the resolution). Despite the absence of

a consensus regarding the minimal clinically relevant difference
of carotid distension, we regard the limits of the agreement we
found as compatible with clinical use and screening purposes.

The single M-line approach vyielded comparable
reproducibility with the multiple M-line method. When
considered in more detail, the reproducibility of diameter, IMT,
and distension are in line with previously reported values (CV
range: 2.5-11.9%) (Bianchini et al., 2010; Bozec et al., 2020). The
YEM obtained using a single M-line showed the most significant
difference in CV (poorest reproducibility) compared to that
obtained using multiple M-lines. This substantial difference
originates from the variability of the IMT measurements, which
is commonly reduced by considering the mean over multiple
locations along the artery. Therefore, it was expected that
IMT and YEM determined with the single M-line approach
would have larger variability compared to the other parameters
(Table 2).

We chose to use the middle M-line of 17 M-line-based
recordings as a proxy for a single M-line device. The choice of
the middle M-line was arbitrary and, a priori, had no specific
reason. With an image-free device, however, the position of the
single M-line relative to the CCA is unknown. Therefore, we also
evaluated the performance of the other M-lines. Clearly, the M-
lines on the edges exhibited wider limits of agreement and higher
reproducibility CVs compared to middle lines (Figure 3). The
trend of a worse performance toward the edge can be attributed
to the online tracking algorithm. The employed algorithm
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TABLE 3 | Feasibility of detecting age-related changes in stiffness.

Single M-line

Multiple M-line p-value
Distensibility coefficient (1/MPa) <60y (44%) 17.00 16.82 -
>60y (56%) 14.00 13.85 -
difference —3.00 —2.97 0.71
Young’s elastic modulus (MPa) <60y (44%) 0.638 0.641 -
>60y (56%) 0.758 0.756 -
difference +0.120 +0.115 0.64

p-value shown is for the difference between single and multiple M-line approaches.

provides real-time visual feedback on the screen to assist the
operator in orienting the probe and optimizing the quality of
the M-lines. The tracking feedback entails a criterion forcing
the operator to have at least 60% of the M-lines optimized. In
this way, the operator may accept a measurement, without a
necessity to optimize outermost lines. This technique is beneficial
for time-efficient use, yet it does allow for increased noise on
the outermost lines. Nevertheless, including more lines in the
spatial averaging window resulted in enhanced reproducibility
(Figure 4).

Our study has several possible limitations. To compare the
capability of single and multiple M-line approaches toward the
age-associated increase in stiffness, we addressed aging effects by

looking into cross-sectional data rather than longitudinal data,
although this kind of analysis should ideally consider differences
within the same subjects over time.

The evaluation of arterial stiffness requires an accurate
assessment of the arterial diameter changes with simultaneous
measurement of the PP. Limitations of our study include the use
of a single value of PP to evaluate the DC and YEM for both
single and multiple M-line approaches, while, in practice, each
method will have different values of PP. Nevertheless, this enables
a direct comparison between the two methods in the present
study. In addition, the caudal-cranial probe orientation was not
fully consistent among recordings, affecting line identity (i.e.,
swap between 1 and 17, and so on). Therefore, probe orientation
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was verified by means of the sign of the correlation coefficient
of the linear regression line between M-line position and the
corresponding dicrotic notch for all M-lines (Hermeling et al.,
2009) and, where necessary, images were vertically flipped to
make probe orientation consistent prior to sensitivity analysis.
In this study, single and multiple M-line estimates were derived
from a single scanner and, hence, were based on the same
axial and temporal resolutions. In practice, however, separate
devices may come with different resolutions. Since resolution
largely influences the validity and reproducibility of the estimates
obtained using a scanner, it should be taken into account
when considering a single M-line device for screening. There
exist single M-line tools with temporal and spatial resolution
comparable to that of multiple M-line tools (Joseph et al., 2020a).

Another limitation is our selection of study population and
setting. First, the characteristics of our population might not be
representative of the targeted population. In addition, although
our ultimate target is resource-constrained areas, our study
context and infrastructure were those of an expert center in a
western country with adequately available resources.

Some aspects regarding our study boundaries are worth
discussing. First, the current study does not present an evaluation
of two systems in the same population; it is instead a retrospective
evaluation of two methods based on a single recording obtained
using the same scanner. However, using two devices implies
the presence of two procedures, so the variance induced by
positioning the probe plays a significant role in the comparison.
Second, the image and visual feedback are extra information that
is not available in an image-free screening tool. In this regard, our
proxy may be too near ideal for a single M-line device. Hence,
there is a need for a next study to address the boundaries of
the present study. Therefore, our next step will be to assess the
performance of a single M-line image-free device against multiple
M-line scanner in a screening setting.

In conclusion, single M-line ultrasound appears as a
promising tool to estimate anatomical and functional common
carotid artery properties with very acceptable validity and
reproducibility. Based on our results, we might infer that image-
free, single M-line tools could be suited for screening and
population studies in low-resource settings worldwide. Whether
the comparison between single and multiple M-line devices will
yield similar findings requires further study.
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